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1.0 INTRODUCTION

Eight monthly reports were published during the study. They con-
sisted of work notes prepared during each month and were in rough draft form.
This Appendix summarizes the technological survey material presented in the
monthly reports. The large volume of material presented in the monthly reports
precludes complete coverage in the final report, therefore a condensation of
the material appears here. The outline in Monthly Report 8 will provide topic
and material location information for all the monthly reports. The following
outlines the condensed technological survey material presented in this Appendix

volume.
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3.0 MISSION ANALYSIS

3.1 LAUNCH VEHICLE CAPABILITIES

The launch vehicles considered for the D.S.M.C.S. mission are
the Saturn IB/Centaur, Saturn IB and Titan III C. Payloads that these vehicles
can place in earth orbit were determined as a function of circular orbital al-
titude and inclination for launches from Eastern and Western test ranges. This
information was obtained by means of a trajectory computer program which opti-
mizes the direct burn flight profile to place the maximum payload into a 185
kilometer circular orbit. The payloads at higher orbital altitudes were ob-
tained by first computing the characteristic velocity requirement to transfer
from the 185 kilometer orbit to the higher circular orbit altitude on a

Hohmann ellipse using the equétion:

>
R + h R R+h

\/R+h - 7= hl )V 1+ R+hl * R+hl -1
1 2 o 2

AV =
(1)

where

AV = characteristic velocity meters/second

L = earth gravity constant3.98604 x lO5 kmj/sec2

R = earth radius, 6378.%9 km

hl = lower circular orbit altitude 185 kilometers

h2 = upper circular orbit altitude, kilometers
SGC 920FR-1
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The payload weight was then computed from the characteristic velocity equation:

W W ‘exp (g ) (2)

where
WO = total weight injected into a 185 kilometer orbit
(kilograms)
W, = stage weight inerts (kilograms)
ISp = specific impulse (sec)
g, = eravity acceleration (9.81 meters/secz)

Figure 3.1-1 presents payload capabilities for the three launch
vehicles as a function of orbit inclination for the 185 kilometer circular
parking orbit. DSMCS parking orbit payloads are available from the figure at
90O inclination. The Saturn V launch vehicle provides payload capabilities in
excess of DSMCS requirements and therefore was not considered in this study.
Shroud configurations for the launch vehicles of interest are shown in Figures
3.1-2 through 3.1-6. (Reference 3.1-1.)

Reference 3.1-1, SNAP-8 Unmanned Applications Study SGC TT8FR-1, Summary Volume.
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3.2 LAUNCH SITE SELECTION

Figures 3.2-1 and 3.2-2 plot payload capabilities as a function of
orbital altitudes for the Saturn IB/Centaur, Saturn IB and Titan IIIC for launches
into polar orbit from the Eastern (ETR) and Western (WTR) Test Ranges respectively.
Table 3.2-1 presents the payloads required for the various missions. Selected
orbit altitudes discussed in Section 3.3.1, Line of Sight to Spacecraft, were

used to derive the available payload weights of Table 3.2-1.

The Saturn IB is the preferred launch vehicle for DSMCS applica-
tions. A sacrifice in payload compared to the Saturn IB/Centaur is accepted for
the increased packaging volume made available by the 6.1 meter (20 ft) diameter
Saturn IB shroud. The standard Saturn IB/Centaur shroud provides only 3.05
meters (10 ft) diameter for payload. The Voyager 6.1 meter (20 ft) diameter
Saturn IB/Centaur shroud, Figure 3.1-3, could be used but a payload sacrifice
is imposed because of the large shroud which is attached to the S-IVB stage

and surrounds the Centaur stage as well as the payload.
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3.3 ORBIT SELECTION ANALYSIS
3.3.1 LINE OF SIGHT TO SPACECRAFT
3.3.1.1 OBJECTTIVE

Selected DSMCS orbits corresponding to a variety of spacecraft
trajectories were calculated. This was accomplished through the use of a
three dimensional, two-body interplanetary trajectory computer program. The
program developed specifically for this task, features an iterative routine which
can be employed to solve for DSMCS orbits that provide continuous line of sight

for a given mission.

3.3.1.2 SUMMARY

The general problem of the DSMCS/Spacecraft line of sight re-
duces to finding the appropriate orbital precession rate to provide continuous
line of sight during given spacecraft missions. The satellite-spacecraft ge-

ometry is shown in Figure 3.3.1.2-1.

Figure 3.3.1.2-2 illustrates the DSMCS in a typical orbit with
orbit altitude h of approximately 1/2 earth radius with the orbit plane normal
to the spacecraft/earth radial vector. The angle @ represents the visibility
band. Thus, if the radial vector is kept within «, DSMCS/spacecraft line of
sight will be maintained. Note that in Figure 3.3.1.2-3 when the orbit altitude
h is increased, the visibility band o also increases. In Figure 3.3.1.2-L4 the
DSMCS orbit plane is positioned approximately parallel to the earth/spacecraft
radial vector. It is interesting to note here that some occultation will occur
even with exceedingly large orbit altitudes. The DSMCS orbit altitude becomes
somewhat less important with proper orientation of the orbit plane as shown in
Figure 3.3.1.2-5. As has been shown in Section 3.3.3 the Earth radius has been

extended 40 km to accommodate atmospheric attenuation influences.

It is apparent that suitable results for the general satellite/
spacecraft line-of-sight problem can be achieved through the proper orientation
of the satellite orbit plane and a selection of the minimum orbit altitude. The
most favorable line-of-sight results are obtained when the earth/Spacecraft
radial vector is normal to the satellite orbit plane. However, in the case of

an inertially fixed satellite orbit plane, the retention of this angle is not

SGC 9P0FR-1
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always possible. In fact, the radial vector can move outside of the visibility

band due to the relative movements of the earth/spacecraft.

If the heliocentric spacecraft trajectory is known, an angle
can be determined through which the satellite orbit plane must be periodically
rotated in order to maintain line of sight. With the angle of rotation and
time of plane change known, a method to produce the desired plane change is
required. Nodal precession from an orbit precessing the desired amount and
in the proper direction would provide a passive solution, passive from the
standpoint of not requiring satellite onboard maneuvers. Within certain limits
the satellite inclination and orbit altitude can be varied to yield a wide
range of nodal precession rates in the direction of or against the orbital mo-
tion of the satellite. However, to be consistent with the requirements of mini-
mum orbit altitude for maximum payload, the satellite inclination is restricted
to a few degrees from polar. As the compliment angle (90-inclination) of the

inclination increases, a corresponding increase in orbit altitude is required to

. eliminate the occultation occurring from the satellite moving more frequently

behind the earth.

The preceding analysis is applied to the following spacecraft/

DSMCS missions.

Mercury Flyby - Fast transit
Manned Mars Orbit and Return - 30 day stay

)
)
) Jupiter Flyby - 1973 opportunity - Fast transit
)  Jupiter Flyby - 1978 opportunity - Fast transit
)

g o W o

Jupiter Flyby - 1978 opportunity - Slow transit

The spacecraft heliocentric trajectory parameters for these
missions along with a Venus mission that could not be satisfied are presented
in Tables 3.3.1.2-1 through 3.3.1.2-6. Table 3.3.1.2-7 summarizes DSMCS orbits
required for the corresponding missions. Figures 5.3.1.2—6, -7 and -8 present
precession rates versus altitudes for inclinations from polar orbit to = 5
degrees. Each curve represents the interest area of altitudes surrounding the
altitudes noted in Table 3.3.1.2-7 that provide continuous line of sight for
the three types of missions. Table 3.3.1.2-8 is a general presentation of in-

clination from polar orbit and precession rate for altitudes to 1800 kilometers.

SGC 920FR-1
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The computer program used to determine line of sight values
describes the motion of a spacecraft in its heliocentric orbit, the motion
of an earth orbiting satellite, and computes the line of sight properties be-
tween the two. The program was written in the Fortran IV programming language

for the IBM TO0OO series computers.
METHOD OF APPROACH

In order to develop a computer program for the general line of
sight problem, it was necessary to compute the relative motion of three bodies,
namely: earth motion in heliocentric coordinates, satellite motion in earth

orbit, and spacecraft motion in heliocentric coordinates.
The following is an outline of the computational procedure:

A. Given heliocentric ecliptic orbital parameters: semi-major
axis (a), orbit inclination (i), argument of perigee (w), longitude of the as-
cending node (R), eccentricity (e), radial distance from Sun center (r), right
ascension (a), and declination (B), compute the orbital motion of the earth and

the spacecraft.

B. Given initial geocentric equatorial orbit parameters a, i,
w, r, and e. Compute the orbital motion of the earth orbiting satellite in
geocentric equatorial coordinates.- Orbital perturbation arising from nodal

precession is considered.

C. Transform satellite motion from geocentric equatorial motion

to geocentric ecliptic coordinates, and to heliocentric coordinates.

D. Transform spacecraft motion from heliocentric ecliptic to

geocentric ecliptic.

E. Compute component of unit vector from earth center to satellite

in geocentric ecliptic coordinates.

F. Compute component of line of sight vector from satellite to

spacecraft in geocentric ecliptic coordinates.

G. Compute look angle (¥) between line of sight vector and the

satellite position vector.

SGC 920FR-1
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H. Compute the instantaneous minimum circular satellite altitude
which will result in a continuous unbroken line of sight between spacecrall and

satellite.

The computational procedure presented in steps A through H is a
"real time" solution, that is, the real time motions of the three aforementioned
bodies are considered. At each computational interval, the satellite's orbit is
divided into 36 equal increments of ten degrees each at which time the look angles
and minimum satellite orbit altitudes are computed. The 36 look angles are eval-
uated to determine the minimum circular satellite orbit which will yield the re-
quired continuous line of sight at that instantanous real time position. This
procedure is repeated for every computational increment throughout the duration
of the spacecraft's flight, and the value for the minimum satellite circular or-
bit at each step is stored. The stored values of the minimum satellite circular
orbit altitude are then compared to yield the smallest value for the satellite's
orbit altitude that will result in the continuous line of sight for the duration

of the spacecraft mission.
MATHEMATICAL: FORMULATION

The method employed to describe the relative orbital motions of
the earth, spacecraft, and satellite is the several conventional Keplerian equa-
tions and will not be presented here. The one exception to the ordinary Keplerian
solution for orbital motion is the method for computing the eccentric anomaly for
values of eccentricity greater than 0.7. A Newton-Raphson method of iterat-
ing theknown value of the mean anomaly to achieve the eccentric anomaly was

developed.

Referring to computational step B under Method of Approach, the

equations are as follows:

The position vector of the satellite in terms of the orbital

parameters.
1. inclination (i)
2. longitude of the ascending node (f2) measured from the
vernal equinox
3. eccentricity (e)
SGC 920FR-1
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k. semi-major. axis (a)
5. argument of perigee (w)
6. true anomaly ()

in earth centered equatorial coordinates is given by:

r o= x'1+ y' 3'+ z' k (1)
where a :l _ e2)
x' = 1 + e cos 8 [COS 8 (cos Wcos Q - cos i sin Q sin W) (2)

- sin 8 (sin W cos Q + cos i sin Q cos w)]

L a2
y' o= 2(l-e) [cos 8 (cos W sin Q + cos i cos ( sin w)] (3)

1l +e cos 0

+ lsin O ( - sin 0 sin W + cos Q cos W cos i)]

0 - a1l - e?)

1 + e cos © [cos {2 sin wsin i + sin  sin i cos W (&)
The transformation from equatorial coordinates (x', y', z') to

ecliptic coordinates (x, ¥, z) of equation 3 is accomplished by

— — -

X [ 0 0

Y

: | ,

yl= "0 cos € -sin ¢ | v
H ! l

z 0 sin € cos € z' |
: i

where € is the angle between equatorial and ecliptic planes

(e ~23.44°%) and the x' and x axis both point to the vernal equinox.

The position vector to the satellite in ecliptic coordinates is

expressed by:

r = xi+yj+zk
A unit vector in this direction can be defined as
r r r

e T
X 1 €

|z |x |r

SGC 920FR-1
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and
u=ull+u23+u3k
where
r r r
U = —%E) u, = '—'.e?l: u} = e_z
|| |z ||
re = earth radius
_ 1/2
|r| _ {%2 + y2 + zé}

The unit length of the vector u is one earth radius.

The position vector from earth center to spacecraft in ecliptic
coordinates is determined in the same manner as is the position (5)
vector of the satellite in equation (4).

The components xx, yy, and zz, of the spacecraft in term of lati- (6)

tude (B) and longitude () are determined by:

xx = |r| cos B cos A
yy = |;| cos B sin A
2z = |;| sin B8

The line of sight vector from the satellite to the spacecraft can

now be determined by

r = I

v sc ~ Tsa
where ;§ = radial vector from the satellite radius vector

(;SA) to the spacecraft radius vector (;SC), (In subsequent analysis, the sub-

scripts e, SA and SC, will pertain to the earth, satellite, and the spacecraft

respectively.)

and
Ty = {¥ea - xsc) i+ [Yea - ysc) 3+ (ZSA - zsc) C

SGC 920FR-1
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The corresponding unit vector is simply:

Ugp “u, 1 tu, Jtu, k

1 2 3
where | \
*sa ~ *scf
w =1 —
SA Irl
_ |Yga - ysc)
u, =r —
s 5]
_ . e Zsc)
Uz =r, —
A B
and
x| = ||x X+ [Yar -y + |z 221/2
SA SC SA SC SA SC
The look angle Y is now defined as
-1 (- -
Y = cos [u. uSA}
g. A final computation is required to compute the satellite cir-

cular orbit (HS ).

HSA can be found as a function of the look angle Y by the following

expression:

r. + Hion
e

U0 = Tos ¥ e
where r, = earth radius
Hion = input altitude of disturbing ionosphere
¥ = total look angle

Computer program inputs are listed in Sections A and B of Table

5.3.1.2-9, the outputs are listed in Section C and is the printout key for the

printed results.

Figure 3.3.1.2-9 presents the orbit orientation and related

parameters of the DSMCS orbit analysis.

SGC 920FR-1
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TABIE 3.3.1.2-1

PLANETARY TRAJECTORY PARAMETERS

MISSION

Earth Departure Date

Planet Arrival Date

Transit Time

Eccentricity

Angular travel (B)

True anomaly

Semi-major axis

Longitude of Earth at departure

A Velocity Requirement from 286 KM
Parking Orbit

SGC 920FR-1
Volume IIT

MERCURY FLYBY

JED-2445963.75, UCD - 20 Sept. 198k

JED-2446078.75, UCD - 13 Jan. 1985

115 Days
4253256
(@] 1"
221° 27! 52.62
) 1 "
=177 32 25.7h
10.5438%04 x 107 km
o]

3570 20" Lh.ho"

5,308 mps
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MISSION MARS
Earth Departure Date JED-244495L .75, UCD - 16 Dec. 1981
Planet Arrival Date JED-2445164.75, UCD - 14 July 1982
Transit Time 210 days
Eccentricity .22620032
Angular travel (B) 156°  L48'  39.57"
True anomaly -o° 31' 10.69"
Semi-ma jor axis 1.9021347 x lO8 km
Longitude of Earth at departure 8y° 6! 20.71"
A Velocity Requirement from 286 KM 3,579 mps .

Parking Orbit

SGC 920FR-1
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TABIE 3.3.1.2-3

PLANETARY TRAJECTORY PARAMETERS

MISSION
Earth Departure Date
Planet Arrival Date
Transit Time
Eccentricity
Angular Travel (B)
True anomaly
Semi-major axis
Longitude of Earth at departure

AVelocity Requirement from 286 KM
Parking Orbit

SGC 920FR-1
Volume IIT

JUPITER FLYBY

JED-244178%.75, UCD - 11 Apr.

JED-2442463.75, UCD - 20 Feb.

680 days

.68980767

156° 41t 48.78"
6° 12! 14.83"

8

4.8211339 x 10° km

201° 10" 25.73"

6,526 mps -

Page 26
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TABIE 3.3.1.2-k4

MISSION

Earth Departure Date

Plariet Arrival Date

Transit Time

Eccentricity

Angular travel (B)

True anomaly

Semi-major axis

Longitude of Eprth at departure

A Velocity Requirement from 286 KM
Parking Orbit

SGC 920FR-1
Volume III

PARAMETERS

JUPITER FLYBY

JED-2443786.75, UCD - 5 Oct. 1978

JED-24LLL466. 75, UCD - 15 Aug.

680 days
. 738905022

156° 41t 38.61"

o° 12' 10.03"

5.7283067 x 108 km

11° 34t 20.27"

6,811-6 mps -

Page 27
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TABLE 3.3.1.2-5

Addiaia Lol WVIL DANRANGLILT

MISSION

Earth Departure Date

Planet Arrival Date

Transit Time

Eccentricity

Angular travel (B)

True anomaly

Semi -ma jor axis

Longitude of Earth at departure

A Velocity Requirement from 286 KM
Parking Orbit

SGC 920FR-1
Volume III

JUPITER FLYBY

JED-2443776.75, UCD - 25 Sept. 1978
JED-2444836.75, UCD - 20 Aug. 1981
1060 days
.69305284

0]

194 38"  3,06"

-14° 57t 51.6"

4,8187107 x 108

km
1° 4kt ho.61"

7,011 mps .
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MISSION

Earth Departure Date

Planet Arrival Date

Transit Time

Eccentricity

Angular travel (B)

True anomaly

Semi -ma jor axis

Longitude of Earth at departure

A Velocity Requirement from 286 KM
Parking Orbit

SGC 920FR-1
Volume IIT

VENUS FLYBY
JED-24L4432L .75, UCD - 26 Mar. 1980
JED-2L4LLLl .75, UCD - 24 July 1980
120 days
17193166

140°

5'  36.26"
-178° 26" 16.57"
12.7345429 x”lO7'km

o

185 39" 26.93"

2, 785 mps.:
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Table 3.3.1.2-9
INPUTS - SECTION A

SYMBOL DESCRIPTTON UNITS

ASCR Semi-ma jor axis of the spacecraft heliocentric orbit A.U.

ECCSC2 Eccentricity of the spacecraft heliocentric orbit --

GLOED Initial longitude of the earth measured from the DEG
vernal equinox -~ positive counterclockwise

Glsc2 Inclination of the spacecraft orbit - measured DEG
positive upward from the ecliptic plane

THSC2 Initial true anomaly of the spacecraft. Measured DEG
positively counterclockwise from perihelion

HP - HA Where HP = HA DSMCS circular orbit altitude km

OMDSIF Initial DSMCS longitude of the ascending node DEG
measured positively counterclockwise from the
vernal equinox in the equatorial plane

GIDSIF Inclination of the DSMCS orbit measured with respect DEG
to the earth's equatorial plane

DELT Print interval - Results will be printed every DELT DAYS
steps

TDAYS Total computation time. Computations will terminate DAYS
at TDAYS

HION Altitude of disturbing ionosphere km

TDISC Time for discontinuity. A discontinuity may consist DAYS
of either a planet stay time or new spacecraft
trajectory, or both. If TDISC = O, Section B inputs
are not required

ICNT FLAG; If ICNT = 1, the .36 values of h min. and look -
angle are printed out each time point

T Title card - Identification label; may use up to 72 --

SGC 920FR-1
Volume IIIX
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Table 3.3.1.2-9 (Continued)

INPUTS - SECTION B

SYMBOL DESCRIPTION UNITS
TSTAY Target stay time DAYS
ASC2 Semi-major axis of the inbound spacecraft trajectory A.U.
ECCSC2 Eccentricity of the inbound spacecraft trajectory -
GIscC2 Inclination of the inbound spacecraft trajectory DEG
THSCO2 True anomaly of the inbound spacecraft trajectory DEG
ITARG FLAG to determine the target planet; necessary only --
when TSTAY # O
= = 1, Target is the planet Mercury
= 2, Target is the planet Venus
ITARG $ = 3, Target is the planet Earth
= L4, Target is the planet Mars
/ =5, Target is the planet Jupiter
Note: The subscript "2" refers to heliocentric coordinates
SGC Y20FR-1
Volume IIT Page 35
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Table 3.3.1.2-9 (Continued)
OUTPUT - SECTION C

SYMBOL DESCRI PTION UNITS

TIME Instantaneous time from launch DAYS

HMIN Minimum DSMCS orbit altitude necessary to avoid occultation km .
computed at the most unfavorable position of the orbit

PsI Total look angle; measured from the DSMCS/spacecraft DEG
radial vector to the DSMCS orbit plane

HMIN(N) Minimum DSMCS orbit altitude necessary to avoid km .
occultation computed at the DSMCS's real time
position

PsI (N) Total look angle computed at the DSMCS's real time DEG
position

THETS(N) True anomaly of the DSMCS when HMIN(N) and THET(N) are DEG
computed

OMEGA Longitude of the ascending node of the DSMCS orbit DEG
plane; measured from the vernal equinox

XE Component of the earth distance in the ecliptic plane; km. .,
positive in the direction of the vernal equinox

YE Component of the earth distance in the ecliptic plane; km
positive direction determined by the right-hand rule;
orthogonal to X.

XP Component of the spacecraft distance; positive direction km
as in XE

YP Component of the spacecraft distance; positive direction km .
as in YE

ZP Component of the spacecraft distance; normal to the XP, km
YP plane

SGC 920FR-1
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Figure 3.3.1.2-2.

Spacecraft Occultation Zones
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Figure 3.3.1.2-4,

Spacecraft Occultation Zones
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Where:

- Satellite

Equatorial cartesian coordinates

N Xy 2

- Radial distance to satellite

- Right ascension

- Right ascension of the ascending node
- Argument of perigee

True anomaly

- Perigee

- Central angle measured from the ascending node

H < g © £ O » K
]

- Instantaneous lattitude geocentric

Figure 3.3.1.2-9. DSMCS Orbit Orientation
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3.3.1.3 SELECTED ORBITS

Eaéh of the orbits selected for the various missions are repre-
sentative from the standpoint of orbit altitude. The required representative
circular DSMCS orbit altitudes ranged from 817 to 1117 kilometers. Since the
orbits were reasonably low, and provided sufficient payload, it was decided to

eliminate elliptic DSMCS orbits and the related consideration of Apsidal

regression.

The DSMCS/spacecraft look angles are plotted versus days in orbit
after spacecraft launch for each of the missions. The look angle is defined as
the angle that the DSMCS/spacecraft radial vector makes with the ascendihg node
of the DSMCS orbit. The visibility band, described in Section 5.3.1.2 is pre-

sented below for a variety of orbit altitudes.

Altitude (km) Visibility Band (deg) Total Field Width (deg)
940 71-109 39
1100 68-112 45
1260 66-114 L9
1440 fL-116 53
1620 60-120 61

Mercury Flyby

The Mercury Flyby mission was the object of a more thorough
investigation than any of the other missions. This was due largely to the fact

that the Mercury mission served as a check case for the computer program.

To achieve a continuous line-of-sight between the orbiting
satellite and the spacecraft requires trajectory shaping of five
satellite orbit parameters. These are, in order of importance, longitude of

the ascending node, inclination, radius of perigee, radius of apogee, and the

SGC 920FR-1
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argument of perigee. From an examination of the Mercury spacecraft trajectory,
it is obvious that the orbit plane of the satellite must be changed at least
once during the 1ll15-day mission to achieve line-of-sight, (i.e., the satellite
orbit plane becomes parallel to spacecraft/earth vector in approximately 90
days). This plane change may be accomplished in two ways, either by satellite
propulsive thrusting normal to the orbit plane or by allowing the node of the

orbit to precess.

From the standpoint of minimum orbit altitude, maximum payload,
and mission requirements, the latter method was chosen for this and all the
other missionsl Since the precession rate of the longitude of the ascending
node is a function of both the satellite's orbital radius and orbital inclina-
tion, it is possible to determine the minimum orbital radius and resulting
inclination which gives continuous line-of-sight. The optimum conditions for
line-of-sight are obtained when the satellite orbit plane is no greater than
1—90O from the spacecraft/earth radius vector, with this arrangement. The cor-
responding inclination must be such that the satellite does not move behind the
earth. An inclination close to 90O with respect to the earth's equatorial plane
will satisfy this requirement. In the case of circular satellite orbits, the

perigee radius and apogee radius are equal and the argument of perigee is undefined.

In Figure 3.3.1.3-1, the spacecraft trajectory is described in
heliocentric coordinates along with the planets Mercury and Earth as a function

of days in orbit. The satellites inclination is assumed to be constant throughout

the duration of the mission.

The orbitsdesigned on the basis of the above discussion is sum-

marized below.

Mercury Flyby (115 day transit)

Required DSMCS orbit parameter to avoid occultation:
Circular orbit altitude - 8L2 km
Initial longitude of ascending node (QO) 159 Deg.

Inclination - 90.5 Deg.

SGC 920FR-1
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Nodal precession rate () - .057 Deg/Day

ures 5.5.1.3-2 and 3.3.1.3-3 show the time history of hmin
and look angle, respectively.

Manned Mars Mission

The spacecraft trajectory for the manned Mars round trip mis-
sion is shown in Figure 3.3.1l.3-4. Due to greater DSMCS/target planet dis-
tances in this mission compared to the Mercury case, the DSMCS orbit altitude
increased to 1116 kilometers. The required orbital parameters to avoid

occultation are:

Mars Mission (30 day stay, 450 day total mission duration)

Circular Orbit Altitude - 1116 km
Initial Longitude of Ascending - 68.25 Deg.
node (2 )
o
Inclination - 93.4 Deg.
Nodal Precession Rate - 0.34 Deg/Day

Figure 3.3.1.3-5 presents minimum orbit altitude versus time in
orbit.

JUFPITER FLYBYS

The Jupiter missions consist of the three separate spacecraft

trajectories listed below.
a) 1973 opportunity - fast transit
b) 1978 opportunity - fast transit
c) 1978 opportunity - slow transit

The optimum launch date was provided for the 1973 opportunity whereas only

an approximate date for the 1978 opportunity was available. An n-body optimiz-
ing interplanetary trajectory computer program was utilized to determine the
optimum launch dates for the 1978 Jupiter opportunity. The results of this
study are presented in Figure 3.3.1.3-6.

SGC 920FR-1
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The spacecraft trajectory for the 1973 mission is shown in
Figure 3.3.1.3-7. A similar analysis for the two Jupiter missions of 1978
is presented in Figures 3.%.1.3-8 and 5.3.1.3-9. Orbital altitude plots

versus mission time are shown in Figures 3.3.1.3-10 through 3.3.1.3-12 for

the three missions.

Jupiter Missions of 1973 and 1978

The following table gives a summary of the three Jupiter

missions.

1973 1978 1978
Fast Fast Slow
Transit Transit Transit
Initial DSMCS Node 8.5 deg 172 deg 18 deg
DEMCS Inclination 91.1 deg 91.3 deg 90.9 deg
Nodal Precession Rate .12 deg/day .15 deg/day .09 deg/day
hmin 933 km 817 km 1117 km

Venus Flyby and Return

Investigation of the Venus flyby indicated that three different
DSMCS nodal precession rates are required in order to avoid occultation. The
method requiring the smallest velocity increment involves changing the DSMCS
orbit inclination two times. As an example, with a DSMCS orbit altitude of
1100 km, initial DSMCS orbit plane of 170°, and a DSMCS inclination of 88.9°,
the first inclination change would occur at 100 days after launch. The first
100 days requires a DSMCS nodal precession rate of -.12 deg/day. The required
plane change is 7.5 degrees to a new inclination of 96.4 degrees; velocity in-
crement for this change is .958 km/sec. This inclination will give a DSMCS-
nodal precession rate of .65 deg/day. The second plane change would be made at
260 days after launch to a new DSMCS inclination of 91.5 degrees, yielding a
precession rate of .22 deg/day. This second plane change through 4.9 degrees
requires .575 km/sec. The total velocity increment required to produce the de-

sired plane changes totals 1.533 km/sec.

Original study ground rules not allowing propulsive plane change
maneuvers eliminated the Venus round trip mission from further study. Figure
3.3.1.3-13 presents the outgoing trajectory of the Venus mission.

SGC 920FR-1
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Jupiter Flyby 1978 - Fast Transit
Trajectory 680 Days

Page 54




'l _ L AU
o)
l' 200 DAYS
' 400
O DAYS
' T T > &
1060
i "
i ’
I o
l Figure 3.3.1.3-9. Satellite-Spaceeraft-Jupiter Relationships
Jupiter Flyby 1978 - Fast Transit
Trajectory 680 Days
SGC 920FR-1
. Volume IIT Page 55




adoTaAug SPN3ITITV 3TqX0 LQATA x9371dnp *OT-¢'T°¢°¢ aandrg

Page 56

(sAoQ) youno wouy awi]

089 OV9 009 096 026 087y Ovyr OOV O9€ OCE OBC O¥VZ OOC O9L OCt 08 or 0

0
fr 1+ 1 "1 1 117 17 17 T 1 1]
(1,074
3
3
R
o
09 3
g
008
o _ wyges = 0y lc.oﬁ_:uuo ploAy o4 w@? E:EEI' o
0001

uiwu
wyges= - Y4 Aog/Beqzi0 = u

o
ol " 16 = UoHoulpYy S58= 10U

€261 Mdy || - younoT

(SAVA 089) LISNVYL 1SVd €461
A9ATS ¥3LldNT

SGC 920FR-1
Volume III




adoTaAuy opPN3TITY 3TqX0 AQATd xo3Tdnp *TT-¢ T °¢°¢ o2Inf1qg

Page 57

(sAoQ) youno woid awi}

(0)4° 09¢ (012174 (010)4 0ze ove 091 08 0
T _ _ ’
— 002
=
3
3
. 0oy s
g
009 o
]
N e — - g2 008
/g = Yy UOHD4|NDD () PIOAY O 3pNIL|Y WNWiUlY
0001

utlw
uy/Zlg = Yy 4og/Baq gl = U
of" 16 = uotuIoul =

8461 420 G - Youno

(SAva 089) LISNVYL 1SV4 8241
ASAT ¥3LdNr

SGC 920FR-1
Volume III




adoTsauy 9pnaTaTy 31qX0 LqATd xe3tdny “g2T-¢°T°¢°¢ 9MITI

SAVQ - LIGYO NI HWIL
000T 006 008 00L 009 006 00N 00¢ 00c 00T

@©
T T T T T T T T T T 0 "
]
)
«
Ay
—Poze
~Pon
=
=]
—1009 W
jw}
N
=
9]
63}
(@]
—
slelel m
oo}
. o
loooam
wy LITT NOIIVIINO0O QIOAY O HANIILIY LIFHO SCWSA M
. R =
=
=
—pozt g
]
e
SAVA 090T = EWIL LISNVYL - AVd/9Ed 60°0 = - mm H
6°06 = TONI “DEQ =~ ' S,
QL6T *IddS G2 KEAId HEIIdNC N m
Qd
0
n >




1980

Units = 107 Kilometers

Time in Orbit - Days

120

. Figure 3.3.1.3-13. Venus Flyby Trajectory (1980)
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3.%.2 ENVIRONMENT CONSIDERATIONS

3.3.2.1 RADIATION BELTS

Satellites in polar circular orbits traverse both electron and
proton trapped radiation. The orbit-averaged flux rate densities of trapped
electrons during the solar minims of 1975 and 1985 are shown in Figure 3.3.2.1-1,
of trapped electrons during the solar maximum of 1978 in Figure 3.3.2.1-2 and

of trapped protons valid for all years in Figure 3.3.2.1-3.

If the range of charged particles of initial energy El in a

shielding medium s can be expressed as

n
R(El) = A E (1a)
(where the range is expressed in gm/cmg). Then for a spectrum of particles
shielded by a thickness R, implying no penetration by particles of energy less
then E, the dose rate behind the shield may be approximated by

. -8 n-1
1.6 - 10 10
D = = As : — & rads/day (2a)

(Note: The lOn—l factor is purely empirical to account for change in particle
energy in passing through the shield.) Over the energy range of interest, for
electrons shielded with aluminum

R, = 0.4 g2 (1b)

implying
6 - 10_8 rads

D - EO.5 ¢E day (2b)

where E is in Mev and ¢g is in electrons/cmg—day. Over the energy range of

interest, for protons shielded with aluminum

R 0.00%4 El'7

b

implying -5
1.4 - 10 rads

D = *——;6T7——— @% ag;‘ (2C)
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where E is in Mev and ¢b is in protons/cmz—day. Equation 2b is approximately
valid for all materials, though multiplying it by an atom-dependent factor
(%3) (%1) will improve the accuracy. Equation 2c multiplied by an atom-
dependent factor of (27)1/5 will yield a rough approximation for all materials,
with the accuracy improving at higher energies. (Z is atomic number. A is
atomic weight.) The true ranges of particles in aluminum are shown in Figure

3.3.2.1-k4.

If the orbital range of interest is no higher than 2320 kilometers
(1250 n.mi.) and no lower than 74O kilometers (400 n.mi.) than for electrons
above l/h Mev the 1975, 1985 (solar minimum) environment will be limiting.
(To shield out all electrons below 1/4 Mev less than .25 mm of aluminum is
required.) Using equations 2b and 2c to compare electron and proton dose rates
indicates clearly by inspection that the electron environment is the limiting
envircnment throughout the altitude range of interest for all shielding less

than 2700 mg/cm2 (1 em of aluminum).

The dose rate for trapped radiation in 1975 and 1985 as a function
of shielding and of orbital altitude is shown in Figure 3.3.2.1-5. (A shielding
thickness of 1 mm, corresponding to a few tens of kilograms shielding weight,
is typical.) The dose rate for protons is also indicated, though it is smaller
than that for electrons. A modification of Equation 2b was used to calculate
shielding down to 2.6 mg/cmg, or 0.01 mm of aluminum. Figure 3.3.2.1-5 is be-
lieved to represent a qualitative improvement for the 1975—1985 time period

over the data previously reported.

Some conclusions may be readily drawn from the figure. For a
given shielding requirement in a 1853 kilometer (1000 n.mi.) orbit, there will
be a few additional kilograms required in going up to a 2320 kilometers (1250
n.mi.) orbit, or a 15-25 kilogram weight savings in going down to a 1485 kilo-

eter (800 n.mi.) orbit. This assumes the electron dose is limiting.

For successful satellite operation, the proton dose must be much

6
less than 10 frad, and the electron dose must be much less than lO9 rad.
How much less may be determined by trade-offs between equipment perform-

ance and shielding requirements.
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Proton doses from solar fiares will be less than 105 rads/year
and will be neglected here. Bremmstrahlung is also unimportant. Therefore

only the electron and proton trapped radiation doses will be considered.

For 1 mm of aluminum shielding (weighing a few tens of kilograms
at most) proton dose rates vary from lO!"L to lO6 rads/year, while electron dose
rates vary from 5 105 to 3 - 107 rads/year. Because of weight considerations,
shielding of the entire satellite against protons is limited to about 2 to 3 mm
of aluminum through individual components may be more thoroughly shielded. For

shielding against electrons the economic limit will be somewhat greater.

The tolerable doses of electron radiation will usually be deter-
mined by materials for which appreciable local shielding is impractical. A
dose of 107 rads in the satellite might be tolerable, but lO6 rads is decidedly
preferable. A dose of lO5 rads would be desirable, while lO4 rads is probably
unnecessary. The rate of change of dose with altitude is negligible near 2320
kilometers (1250 n.mi.) but is quite significant below 1485 kilometers (800 n.mi.
Shielding on account of electron damage is relatively more difficult than for
proton damage. The optimum shielding for electrons will praobably consist of a
1 to 3 mm skin, while providing up to 1 cm of local shielding were required

for seals, lubricants, and other critical components.

SGC 920FR-1
Volume III Page 62




The trapped radiation dose rates as a function of shielding thick-
ness are given only for 1975 and 1985, the solar minima. For altitudes between
817 xm (450 n.mi.) and 1117 km (600 n.mi.) the electron fluxes sbove 0.25 Mev
will be greater at solar minimum than at solar maximum. Greater solar activity
results in higher atmospheric densities, which in turn depress the trapped radia-
tion. Since even .25 mm of aluminum, shields out all electrons below 0.25 Mev,
the trapped electron fluxes for the 1975 and 1985 solar minima constitute the
upper limit of electron dose rate. Therefore it is unnecessary in this analysis
to consider the 1978 dose rates as a function of shielding thickness. Similar
reasoning is applicable to proton dose rates. For conditions outside those of
current interest, the dose rates of Figure 3.3.2.1+5 multiplied by the ratio of
the appropriate fluxes in Figures 3.3.2.1-1 and 5.3.2.1-2 will give a reasonable

approximation to the 1978 solar maximum dose rates.

3.3.2.1.1 ALLOWABLE RADIATION DOSES

Allowable radiation dose rates for any given satellite depend upon
its most sensitive components. The type of radiation may or may not affect the
degradation. Such things as transistors and inorganic insulations are sensitive
to proton radiation but are little affected by electron radiation. Organic sub-
stances are primarily sensitive to total dose, whether from protons or electrons.
Biological substances are roughly ten times as sensitive to protons as to

electrons.

Biologically, a 100 rad electron dose (or 10 rad proton dose) will
meke most animals sick (including man) but will kill almost none.(l)(g) A 1,000
rad dose will kill man and most other animals. A 10,000 rad dose will kill
virtually all animals except some bats. For bacteria the lethal dose can exceed
1000,000 rad.

(1) H. Goldstein, "Furidamental Aspects of Reactor Shielding" Chapter II, Reading,
Mass., Addison-Wesley Publishing Co. 1959.

(2) V.A. Rezontov and M.A. Lagun, "Role of State of Thyroid in Asthenic Syndrome
after Radiation Sickness," July 1963, Soviet Physics.
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Of those materials sensitive primarily to proton radiation, tran-
isually be most critical. A tabulation of allowable damage threshold

(for typically 20 percent degradation in performance) doses is given below:

Table I

Proton Doses in Solid-State Devices(s)(h)

Allowable Damage Threshold
Si transistors lO2 - lO5 rad lOLL - lO5 rad
Ge transistors lOLL lO5 - lO6
Tunnel diodes - lO5 - lO6

Proton damage-thresholds for other devices are suggested in Table II below:

Table II

Proton Damege-Threshold in Various Materials

Solid-state electronic devices lO5 - lO6 rad
Inorganic electrical insulations lL'lO6 rad and up
Metals lO7 rad and up
Inorganic thermal insulations 108 rad and up

For those materials sensitive to all forms of radiation, damege thresholds are

given in Table III below:

(3) L.D. Jaffe and J.B. Rittenhouse, Behavior of Materials in Space Environment,
JPL, TR-32-150, Nov. 1, 1961 '

(4) J. W. Gordon, "Radiation Effects Considerations in Materisals in Cyrogenic
Systems of Nuclear Rockets, IRE Transactions on Nuclear Science, NS-9
January 1962.
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Seals - fluorocarbon

Table IIT

10* - 10° rad

Volume ITI

- most others 106 - 108
. . . 5 10
Thermal insulations - organic¥* 104 - 10
Electrical insulations - organic¥ 102 and up
- organic-inorganic¥* 107 - lO9
Lubricants 106 and up
Adhesives 107 - 107
*

Inorganic alternatives exist (see Table II).

3.3.2.2 SOLAR PLASMA

The steady solar plasma has no direct effect on low altitude
satellites. The solar plasma does not reach into the earth's magnetosphere
(1.6 x 10” kilometers diameter), but instead transmits its energy through hydro-

magnetic waves to the ionosphere.

However, the indirect effects of the solar plasma largely govern
altitude optimization. The variations in solar energy - whether during individual
solar disturbances or through the solar cycle - are transmitted to earth by the
solar plasma. During solar maximum the atmospheric (exospheric) density is 2
orders of magnitude greater than at solar minimum, over the altitude range of
interest. The greater atmospheric density leads to a pronounced decrease in
trapped electrons (except for low energies) in the inner radiation zone, and to
a decrease in meteoroidal material orbiting the earth. The trapped electron flux
in the outer radiation zone is enhanced during solar maximum, though the effect

is outweighed by the decrease in the inner zone.

The significance of these indirect effects of the steady solar

plasma are discussed in the appropriate sections.

SGC 920FR-1
Page €5



The unsteady solar plasma from solar flares is another problem.

J
1
]
"

-] - D P 4 » r

in a ad year high energy
equal those from the trapped radiation, but there is less than 1 chance in 100.

Transient effects from solar flare radiation is not likely to be a problem.

The environments used in this report are based on References 1 and 2.

3.3.2.3 MICROMETEOROID FLUX

The earth-orbiting meteoroids are an important part of the total
meteoroid population only for masses smaller than 10-5 gram. A lO'5 gram
meteoroid will penetrate 2 mm of aluminum if the impact is normal, or on the
average 1 mm if the impacts are randomly oriented. On the average, every 30
square feet of satellite surface area will be struck once per year by a 10-5
gram particle. Decreasing the aluminum thickness to 0.1 mm will increase the

penetration rate 1,000 to 100,000 times.

If the satellite is shielded by less than 1 mm of aluminum there
will be a small increase in penetrating flux as altitude increases. This in-
crease will be a factor from 1 to 10 over a 500 km (270 n.mi.) increase in alti-
tude. If the satellite is shielded by more than 1 mm of aluminum, earth-
orbiting meteoroids may be neglected, and the penetrating meteoroid flux will
be essentially independent of altitude. Since 1 mm of aluminum shielding amounts
to only a few tens of kilograms, the altitudé dependence.of meteorcids will seldom
matter and can be neglected. Moreover, for the orbits of interest trapped radia-
tion, and not meteoroids, will be the hazard that determines the maximum alti-

tude and the shielding requirements.

There is a small average drag due to micrometeoroid impacts. The
average pressure is maximum near 1853 kilometers (1000 n.mi.) altitude with a
magnitude of roughly lO_7 dyne/cn? (1.5 - 10—12 psi). The altitude variation

is small. This micrometeoroid pressure is less than for the atmosphere until

(1) W. Jenisch, Jr., and J. B. Parkinson, "Space Environment Criteria;"
Aerojet-General Report 3147, dated January 1966. NAS 8-11285.

(2) James I. Vette, AE-2, AE-1968, and AP 1-4, Trapped Rediation Environments;
Aerospace 1965-1966 (unpublished).
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altitudes of 1480 to 2400 kilometers (800 to 1300 n.mi.), depending on the solar
cycle and orbit orientation are reached, and it is negligible for satellite op-
timization work.

3.3.2.4 ATMOSPHERIC DRAG

Orbital decay rates for DSMCS orbits have been calculated from the

equation:
Ar _ 2nPr r .
;:EE—— = (w/CDA) r'RE per orbit
(1)
1/2 3/2
_ 391150 T Ry v vear
(w/CA) TRy per y

where consistent units are implied.

Atmospheric densities vary as a function of the solar cycle and
of the local earth time. The Harris-Priester models (NASA TND-144k4) have been
adopted here, because they are believed accurate within a factor of two. The
Harris-Priester "S" as a function of the solar cycle is (range of monthly aver-

ages and yearly average).

1975  95-115,100 1979  160-280,225 1983  100-150,110
1976  100-180,135 1980  130-260,180 1984  95-110,100
1977  130-300,210 1981  100-210,145 1985  95-105,100

1978  170-300,250 1982  100-180,125

The atmospheric densities at various altitudes averaged over
circular orbits are given in the enclosed table, Tablé 3.3.2.4-1. The orbital
deéay rates calculated using these densities are given in the table and in the

enclosed figure, Figure 3.3.2.4-1. Examples will illustrate their use:

Consider a 1360 kilogram satellite with a 30.5 meter diameter an-
tenna perpendicular to the velocity vector in an 800 km polar orbit. Then we

may read directly its decay rates for various years between 1974k and 1985.

1975 1.2% per year
1978 88% per year
1981 7.5% per year
1985 1.2% per year
SGC 920FR-1
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values should be taken from the graphs; e.g., the 800 km orbit in 1978 would
actually last for only one or two months (one month if the orbit is in the

noon-midnight plane, and two months if in the dawn-twilight plane).

If instead the antenna is only 3.0 meters in diameter, the

2
figures above must be multiplied by (2;92_2) or

30.5 m
1975 0.012% per year
1978 0.88% per year
1981 0.075% per year
1985 0.012% per year

Averaged over 11 years time, the decay rate is roughly the average of the
1975, 1978, and 1981 values, or 0.3% per year.

If there were no (or a negligibly small) antenna, a 1360 kilogram
satellite might be a sphere 1.22 meters in diameter. For this case, let CD = 2.4,
Then in 1978, the decay rate would be
) osimrs) (2| ver veer
! 30.5 meters 3.0

ar
=

Ry

e

per year

2
1.22 m 2.4
0.88 (3675—5) (BTB

0.0011 per year ~ 0.1% per year

which for all practical purposes is a permanent orbit.
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PERCENT ALTITUDE DECAY PER YEAR (for 1360 kg satellite, 9.29 n° area and cD = 3,0)

Figure 3.3.2.4-1.
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3.3.3 EARTH ATMOSPHERE R.F, OCCULTATION

Due to the relatively low orbital altitude, a significant
deviation of the vector normal to the orbit plane from the communications line of
sight vector to the spacecraft will either cause the signal to pass through the
earth's atmosphere with possibly deleterious effects or to be completely blocked
by the earth itself. The purpose of this section is to discuss the atmospheric
constituents and how they affect a signal passing through it so that an equiva-
lent earth radius can be formulated which could be used in the orbit computations,
Also, the conclusions drawn regarding the effect of the atmosphere, particularly
at the lower elevations, may be used to demonstrate the superiority of an orbiting
station over a ground station. Among the signal characteristics studied are its
amplitude, direction, phase, and polarization. The reduction of amplitude or
attenuation translated into noise temperature will be compared against other
expected system noise temperature contributors. Signal direction, phase or path
length and polarization effects which are caused by the ionosphere will be evalu-

ated in terms of nominal system goals, beamwidth, range accuracy and polarization.

Atmospheric constituents vary as a function of altitude.
Three spherical shells formed by this dependence will be considered, Troposphere,
Stratosphere and Ionosphere. The particles within each shell interact with the
passing wave along a nearly straight path I,. The total effect of all the par-
ticles is found by integrating along the path.

L
Z = | f£(4)as (1)
0
Since this integration will be repeated several times it seems appropriate
to examine the geometry to which it must be applied. Because of the general
altitude dependence of the atmospheric constituents, the path length must be
related to altitude as in (2) and illustrated in Figure 3.3.3-1.
2
I =h° +2Rh (2)
where L is the distance from the point of interest (P) to the point of tangency

(T).
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GT is the radial distance from T to the earth-

R is the radial distance from the center of the earth to the
point of tangency (T).

h is the radial distance from the point of interest (P) to the
circle of tangency.

A is altitude, the distance from point of interest (P) to the earth.

Together Equations (1) and (2) will be used to compute signal characteristic
changes caused by passing into and out of the atmosphere. A 600 KM altitude
was selected to represent a realistic worst case. A lower altitude is pro-
hibitive due to atmospheric drag and a higher altitude would permit a larger
viewing angle. All path integrations will begin at this altitude. Figures
3.3.3-2 and 3.3.3-3 show path length from this altitude for various tangency
altitudes.

Attention will be confined to the frequency range between
2 and 100 gigahertz. The upper limit is dictated by the available equipment and

the lower by the gain that can be achieved by an aperture limited system.

TroBosghere

The troposphere, which is the domain of weather, is in con-
vective equilibrium with the sun-warmed surface of the earth. Its upper limit
ranges from 6 to 18 kilometers depending on the latitude. The higher limit is
in the equatorial regions. The average ceiling is 8 kilometers. Absorption of
electromagnetic radiation in the 2 to 100 gigahertz band has been detected for
most of the atmospheric gases including molecular oxygen, water, ozone, sulphur
dioxide, nitric dioxide and nitrous oxide.l The nitrogen molecule has neither
an electric nor magnetic moment. Only the oxygen molecule and the water molecule
are of sufficient density to be distinguished at tropospheric pressures. A
single water vapor absorption line exists in the frequency regime of interest.

The attenuation associated with this electric moment is described by the Van Vleck

expression.z’ 3

2 .

yH,0 = 4.23 x 107 f5[2 = 5 +
T (f - 22.33)° + (AF)
(3)
AT
(£ +22.33)° + (af)°
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T is the air temperature in degrees Kelvin
Af is the half width of the line at its half power point in gigahertz

7'H20 is the attenuation in decibels per kilometer for one

gram per meter cubed water density.

The numerical coefficients in (3) are based on measurements
made at .2 and .4 kilometers at single frequency points at 35, 70, 90, 140 gigahertz
and in detail measurements between 18. and 25, and also 100 to 117 gigahertz.u’ 2

Equation (3) is plotted in Figure 3.3.3-4 with the appropriate line widths.

The total attenuation experienced by a wave propagating to
or from a 600 kilometer satellite and passing within 0, 2, 4, 6 and 8 kilometers
of the earth's surface was computed as described in (1). A ground water density
of 10 grams per cubic meter and an exponential altitude dependence with a one
neper decrease at 2 kilometers was assumed. From the results shown in Figure
3.3.3-5 it is clear that water vapor effects are negligible for the 8 kilometer
tangency point path.

Water in particle form including fog, rain, and snow also
attenuate radio waves in the band of interest. The loss is due to scattering
and increases with increasing frequency. No effort was made to compute the
scattering loss because precipitation very rarely exists above 5 kilometers and

neither precipitation nor clouds exist above 10 kilometers.6

A number of oxygen absorption lines occur near 60 gigahertz.
As was the case with the water line, the Van Vleck expression describes the absorp-

tion frequency dependence.2 The multiplicity of lines requires a more complex

form, however.7
P .2 K(2K +3)
Y0, = 2.649 == f E 7 S
2 3 [ K + 1 K,
ODD K
+(K+1) (2K -1) g 42 (K2+K+l) (2K +1) g
K K K (K + 1) Ko
)
- 2,069 K (K + 1) ()
exp T
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where the same nomenclature is uscd as in (3) and P is the air pressure in mm Hg
S _ Af
K+ 2 2
- f.7f + (AT
+ Af
2 2
(f +f ) + (af)
K+
_ AT
S =

fK+ are the resonant line frequencies in gigshertz.

Yo is the absorption in decibels per kilometer when the air consists of 20.94

percent oxygen by volume.

The error in the coefficient SK of reference 7 has been

corrected here. The numerical coefficients in (k&) wege determined from recent

7

experiments.’ Also, these experiments have shown that the line half width is

described by (5)

760 290] *?

_ -3 .
Af = 1.58 x 10™° P o5 | (5)

The coefficient 1.58 is given as 1.9 in reference 7.
However, in the text, the outline states that Af = .6 gigahertz at sea level
and this leads to the coefficient used in (5). Furthermore, a line width of

.6 gigahertz has been used in several other references,

The attenuation coefficient was calculated for the first
26 resonant frequencies shown in Table 3.3.3-1. The'U.S. Standard Atmosphere
1962"was used as a source for the temperature and pressure profiles. The cal-
culations which were programmed on a 7040 are thought to be unique in that the
temperature dependence was computed directly. The attenuation coefficients are
shown in Figure 3.3.3-6. The total oxygen absorption computed as described in
(1) for 0, 10 and 20 kilometers tangency altitude is included in Figure 3.3.3-7.
It is clear from Figure 3.3.3-7 that oxygen absorption is significant over most
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of the band even for the 20 km integraution path.

Stratosphere

The stratosphere typically ranges from 8 kilometers to 80
kilometers, the thickness being greater at the poles. It is characterized by a
nearly uniform temperature and the same proportion of constituents as occurs in
the troposphere. The one exception in regard to the constituent proportions is
the absence of water vapors. Atomic oxygen density becomes comparable to the

molecular oxygen density at the top of the stratosphere.

The pressure and therefore the density of the constituents
is, of course, much lower than in the troposphere. The lower pressure decreases
the oxygen line widths as indicated in (5). The attenuation coefficient compu-
tation of (4) was programmed in five megahertz steps between 50 and 70 gigahertz
in order that the fine line structures could be seen. Figure 3.3.3-8 shows the
resultant attenuation coefficients up to 40 kilometers. It is clear that by
moving a system operating frequency into and out of a null, system characteristics
could be modified. For example, a system could operate in a null thereby reducing
atmospheric blockage to a minimum while maintaining virtually perfect immunity
to jamming of DSMCS or inadvertent reception of the spacecraft signal by an earth

station.

IonosEhere

Beginning at approximately 100 kilometers and extending up
to as high as 1000 kilometers is the region known as the ionosphere. Although
the electron density is below one electron per 1000 molecules, the effect on a
propagating radio wave is significant, particularly below one gigahertz. Tem-
poral and spatial variations of ion density are the rule rather than the excep-
tion. However, sufficient data has been taken so that average electron density
profiles for day and night can be effectively used to study radio wave behavior.
With these profiles, the effect of the ionosphere on the amplitude, direction of

propagation, phase and polarization will be examined in this section.

The effect of the ionosphere on a passing wave is measured by
the medium's refractive index. The Appelton equation describes the refractive
index of the ionosphere where the operating frequency is much greater than the
penetration frequency. Equation 6 is the Appleton expression in conventional

9

notation.
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“2 =1 - X )+ - (6)
Y 2 '-Y 2
1 T T + Y?_,
2(1-X 1}#(1-X)2
where ‘
YT = “ﬁ/w
Y, = wL/m
X = a%/a?
uT = wH sin 6
o 5 12__
W = . Ne
N € m
- 0O «
@ = Wy cos @
He
Wy = My BYTO frequency
and
w is the angular frequency in radians per second.
@ is the angle between the wave normal and the earth's magnetic field.
N is the number density of free electrons in electrons per cubic meter
H is the earth's magnetic field in ampere turns per meter
p 1s the real part of the refractive index in henrys per meter
by = 1.257 x lO"6 henry/meter
€, = 8.85 x 1071° farads/meter
=31 .,
m = 9.1 x 10 kilogram
e = 1.6 x 1077 coulombs
1 :
It ——>> by (1)
(1-x)

the wave is classed as quasi-transverse and if

v

LKLy (8)
(13)2 L

the wave is quasi longitudinal.
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At 2 gigahertz

substituting YL = (=)

|-<
=]
1
~
el
S~

sin Oltan ©l=

The gyro angular frequency is near 1 x 10

operating angular frequency of

sin ©. tan © =

1

per second X is very small and therefore the breakpoint is where

T

radians per second and thus at an

12.56 x 109 radians per second (2.0 gigahertz)
. 2500
o, = 89° 58.5¢
1 .

Hence, quasi-longitudinal conditions will exist except when the magnetic fields

areexactly transverse to the direction of propagation.

For the condition spe-

cified by (8), (6) reduces to

2

The positive and negative

waves respectively. The
ordinary wave and reduces

the same electron density

(9)

signs here represent the ordinary and extraordinary
magnetic field increases the refractive index of the
it for the extraordinary wave relative to that for

in the absence of the magnetic field.

For wH near lOT at 2 gigahertz operating frequency, YL and X are
much less than one and therefore (9) reduces to (10)
u-—xl-lx(lﬂf) (10)
2 - L
By ignoring temporarily wave splitting, (10) reduces further to (11)
he=1-2% (11)
2
Let Auél-u
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w 2
and since X = Ng - _Ne (12)
w € mw
o
N
Ap =Db = (13)
w
where 3
b = 1.6 x 100 ﬁ——Meterg
(sec)

With the approximate expressions derived, the effects of the ionOsphere on a
propagating wave can now be simply determined. The computations will be carried
out at 2.0 gigahertz, since it is the most sensitive frequency in the band of

interest. Also, the theoretical frequency dependence will be given for each
effect.

Path Length

The phase path length through the ionosphere will increase. Equa-
tion (1) describes the path length for any wave.

L
P = Ofud{, (14)

The angle cosine between the wave normal and the Poynting vector is assumed to

be one. The path length change due to the ionosphere is computed with (15).

1, L
&P = [ Awag = % § noas (15)
0 w 6]

Consistent with earlier integrations, the path length change was
computed from a 600 kilometer orbital height through the total ionosphere.
Figure 3.3.3-9 shows the ionosphere idealized model.6’ 10 Although the step
model appears to be a crude approximation, the integration of (15) is across
layers and thus the effect of the idealization is reduced. Integrations were
made at several different tangency elevations so that the continuous plot of
Figure 3.3.3-10 could be constructed. The results shown in Figure 3.3.3-10 are
easily translated to other frequencies by the inverse squared relation included

in (15).

Wedge Refraction

In addition to vertical gradients, horizontal gradients have been

observed in ionosphere studies.ll Anomalous refraction caused by these
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gradients is particularly important, since the DSMCS wave will be striking such
gradients at a low incidence angle and also the beamwidih way be very narrow.
The wave front deviation due to a horizontal gradient can be computed with (16).
_ _ b aJNay
"Tds T2 4ds (16)

where s is a dimension transverse to the wave front normal.

Radio astronomy research at near zenith angles has shown that a
gradient of one percent per ten horizontal kilometers with a 5 degree slope is

typical.12 At grazing incidence the gradient is increased by Sec © or 11.5.

Hence, at 2.0 gigahertz and a lOlT electrons per meter2 column

T=2 11.5x 10°5 x 10l7

of

3.0 x 10”7 radians

T
or 1.7 x 1073 deg.

Scintillation

In addition to the systematic variations in the refraction index
as those causing wedge refractions, there are also many irregular variations
which distort and scatter a passing wave at random. The temporal and spatial
variations of the refractive index cause the apparent positions and magnitude
of a source seen through them to fluctuate. Speculations still exist regarding
what is the best cause model for this phenomenon.l3 However, sufficient em-
pirical data have been collected to reveal relative magnitudes and frequency

dependence.lh’ 15 Amplitude variations are commonly described by the amplitude

index S:
Pmax - Pmin
S = 5 %P , (17)
max min

Records show that at 30 gigahertz the index is generally near
unity and it is proportional to the fourth power of wavelength and the cube of
the distance. Thus the amplitude fluctuation is negligible at 2.0 gigahertz.
Similarly, the angle of arrival fluctuation is a few minutes of an arc at about

30 gigahertz decreasing to negligible levels at 2.0 gigahertz.

Group Path Delay

The ionosphere is a dispersive medium., As a result, the
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spectrum generated by data modulated on the carrier will be retarded or advanced

relative to free space transmission. The group path through the ionosphere is

%]

given in (18).

L
PG = f Hg dg (18)
0
s d(pw) o, dd
where Ha - Ltw )
_ ap
thus PG = P+ w To

Using the approximations of (11)

1
HG 5:5
therefore, L L
My = J( (“G - 1)df = J[' (L -p)de =-aL (19)
0 0] “
where A Lq is the group path delay
A £ 1is the phase path delay.
Thus the time error AT is positive
P (20)

c
where ¢ = 3.0 x 108 meter/second.

Figure 3.3.3-10 shows this delay for the conditions assumed earlier in computing

the phase path difference.

Polarization

The affect of the magnetic field is assumed to be very small in
the signal parameter computations considered so far. It is a necessary con-
sideration in analyzing polarization ratios, since the wave splitting into
ordinary and extraordinary components is a result of it. A linearly polarized
wave passing through the ionosphere can be represented by two oppositely
rotating circularly polarized vectors. The rotations of the resultant wave,
an, could, by the differing propagation speeds for the two component rotations

d K, and d K_ over a path length L be given by
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d K, -dK
dQ-= L
[=4
en
and d K, A dg

dKA%U—dg,

where X+_and X_ represent the ordinary and extraordinary wave lengths.

1 1

Hence aQ =g (= -=) 4z
Aik ~
Since A VP P TR v
and a = T (p - p)ast
A + -
From (10) Xy
o= l_)_{. 1 L
2 - 2
XY
L
and B, - “l = 5
da= Txv dy (21)
* A L
2
In rotationalized units
2 t He cos ©
Ne o]
XY = .
L 2 mw
€O m w

The nomenclature is given in equation (6)

D
Rearranging dQ= -3 NH cos © df (22)
W
3
D A _nf_.gg__ = 1.15 _iﬁﬁifflg__
= ) sec coulomb
2c €. m
Integrating L
D
Q=——2—fNHcosOd£ (23)
Y0

to be consistent with the pessimistic bias of earlier computations the H cos ©
will be estimated from the horizontal field at the magnetic equator and ©
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will be assumed to be zero.6 Also, the field will be assumed constant over the
whole ionosphere

amp turns

H cos © = 34, oter

A more detailed analysisl6 of this value showed a 45 ampere turnsper meter maximum.

Integrating (23) over the same paths as the phase path length,
computations show that at 2 gigahertz the maximum rotations would be one radian

for a daytime profile and 3 radians for the nighttime case.
Absorption

The collision of electrons oscillating under the influence of the
propagating wave with neutral and other ionized particles attenuate the wave.

The absorption coefficient can be taken directly from the complete Appelton
9

expression.
2

- e 1
K = me € H
o}

t
N v
\,2+(w+w

2 (2h)

L
1

where yy 1s the frequency of collision of free electrons with heavy particles.

This is further simplified at the frequency range of interest by

assuming
B~ 1
>> t
+ \Y
W wL
w >> W
o) 1
B e Nwv
Hence K = 5 e e . 5 (25)
o w

and the total attenuation is computed with (26)

e2 1 g !
A=f“~¢=m—ef“d‘
o w 0

Detailed integrations were not carried out over the probable DSMCS ray paths
because of the low loss levels experienced in the VHF band coupled with the
inverse frequency squared dependence, Experiments have demonstrated this
dependence. The absorptions for a zenith path near 100 megahertz have been
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2l
measured near 10 ¢ decibels in the temperate zone. This level will fluctuate an

order of magnitude in either direction due to solar induced ionospheric distur-
bances. These disturbances primarily effect the loss in the D region below 90

kilometers.
Refractions

The analysis of the normal refractions of the ionosphere have been
put at the end of this section because it does not involve the simple integrations
of (1), Figure 3.3.3-11 shows an exaggerated view of a wave passing through the
ionosphere. The computation of the refraction through the ionosphere is a labor-
ious task. By applying a previous analysis the job has been substantially
reduced.17 The systematic refraction of a wave generated at the earth's surface
passing through the ionosphere is given by Figure 3.3.3-12 assuming the profile
of Figure 3.3.3-9. The wave is assumed tangent to the earth at the launch point.
Figure 3.3.3-1l shows that the refraction effects of a wave launched in or above
the ionosphere, passing through the ionosphere, grazing the earth, and back out
are compensating. The daytime refractions of Figure 3.3.3-12 represents a worst
case where the day-night line is directly above the earth tangency point. The
analysis from which these data were taken were only traced out to 500 kilometers.

However, the additional refractions at 600 kilometers is not considered large.
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Summary

The effect of the earth's atmosphere on a signal transmitted
between a near earth satellite and a deep space vehicle has been reviewed
for the frequency range between 2.0 and 100. gigahertz. Efforts were made
to keep the range of study parameters considered sufficiently general so that
almost any system that might be proposed for DSMCS could be analyzed, but
limited in scope to the probable geometry and system varisbles so as to re-
duce the unnecessary labor. With one exception, the signal characteristic
computations were made over paths terminating at a DSMCS station in a 600
kilometer circular orbit. This altitude was assumed because the atmospheric

drag is prohibitive below this level.

The atmospheric constituent profiles used in the water vapor
and oxygen computations are average for most of the earth's surface. The
fluctuations in the results due to the variations in constituent concentra-
tion is expected to be less than two. From Figure 3.3.3-5 for attenuation
of the radio wave or the increase in noise temperature due to water vapor
is small compared to a system noise temperature of 10 degrees Kelvin for a
wave passing 8 kilometers or higher above the earth. Figure 3.3.3-7 shows
that the oxygen noise temperature contributions does not reduce to 10 degrees
Kelvin until an altitude of 30 kilometers is reached. This does not include
the regions of 60 gigahertz plus or minus six gigahertz. 1In the absorption
region the loss effects can be controlled by changing the frequency as

suggested by the absorption coefficient fine structure shown in Figure 3.3.3-8.
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The effect of the ionosphere on a propagating wave was calculated
with the two profiles shown in Figure 3.3.3-9. The electron density shown is
typical of temperate zone latitudes. Variation of an order of magnitude above

and below the indicated densities occur with time and location. Firom the

expressions derived it can thus be coneluded that the results of the ionospheric

computations are accurate only to an order of magnitude.

Phase path decrease and group path delay increase is shown in
Figure 3.3.3-10 for 2.0 gigahertz and the frequency dependence in (15) and
(20). Both effects are small as is also scintillation and absorption at

2.0 gigahertz. The frequency dependence is also inverse. Wedge refractions

-and spherical refraction for the same frequency is also probably negligible

3

at 4.0 x 10~ degrees. The cbmputed rotation of a linear polarized wave was
1.0 radian for the daytime profile and .3 for the nightime. Thus a circularly

polarized antenna might be necessary at the bottom of the band.

To summarize the system implications of the findings, it can
be stated that the effective earth radius is about 30 kilometers greater than
the true radius for water vapor and oxygen absorption except for the 53 to
66 gigahertz band. In this band, the occultation altitude is between 60 and
100 kilometers. The specific height is largely judgement as to how narrow
the line may become before they are not considered a nuisance. The order of
magnitude accuracy ionospheric results indicate that the ionosphere will not
significantly change the amplitude, direction or phase length and that cir-

cular polarization is preferred below about 10 gigahertz.
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Table 3.3.3-1

MICROWAVE LINE FREQUENCIES (IN GHz ) OF O2

The first 26

resonant frequencies, as calculated by Mizushima and

vl+
v3+
vo+
v+
vo+
y1l+
w13+
v15+
w17+
v19+
val+
va3+

vas+

56.
58.
59.
60.
61.
61.
62.
62.
63.
6k,
6k,
65.
65.

265
Ll
591
435
151
800

411

998

127
678
223

770

vl-
v3-
v5-
vT-
v9-
vll-
v13-
v15-
viT-
v19-
vel-
va3-

vas-

]

]

i

I

]

Il

118.75
62,486
60.305
59. 164
58.323
57.612
56.968
56.36k
55,784
55,222
54,673
54,132
53.599
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WATER VAPOR ATTENUATION, (dbin™* gn™l w3 ar sma 1mvEL)
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k.o SATELLITE DISCIPLINE PARAMETRIC REQUIREMENTS AND DESIGN INTERFACE
CONSIDERATTIONS

.1 COMMUNICATIONS

h.1.1 SATELLITE RECEIVER

System sensitivity is described by the system noise temperature
which includes background noise, side lobe noise, coupling loss noise and
receiver noise. The magnitude of the receiver noise contribution for a DSMCS
is reviewed here along with estimates of the size and weight of the various
receiver types. Direct detectors show some promise for broadband applications
such as radio astronomy in the 10 to 100 gigahertz band but are not comparable
to either the parameteric amplifier or the maser amplifier followed by a
detector in terms of noise temperature. These detectors which include crystal
receivers and bolometers of the cooled and uncooled variety perform well in
radio astronomy applications because their relatively high noise temperature
is compensated by their broad radio frequency bandwidth and their simplicity
of operation. Similarly, tunnel diodes and traveling wave tube amplifiers
exhibit low differential temperature sensitivity but their effective noise

temperatures are much greater than either the parametric or the maser amplifier.

Besides a low noise temperature requirement, DSMCS receivers must
be capable of remote operation thus demanding a relatively simple system of high
reliability. A low noise pre-detection amplifier must provide at least 30

decibels gain so that succeeding stages do not add appreciably to receiver noise.

Of the two candidate DSMCS low noise amplifiers, the parametric am-
plifier is in wider use because it is a small and relatively inexpensive piece
of hardware and more significantly, it can be operated at room temperatures.
Figure 4.1.1-1 includes the receiver noise temperature of some of the operational
parametric amplifiers at 500O Kelvin and a few below that. The cooled parametric
amplifier symbols are underlined. The symbols used are referenced to the source
of information at the end of the bibliography. Also shown in the figure is the
parametric amplifier theoretical minimum noise temperature at 500O Kelvin, 770
Kelvin and 4° Kelvin(l)° The theoretical noise temperature calculations were
based on assumed dynamic quality factors of 20, 16, 12, 8, and 6 at 1, 2, 4, 6,
8 gigahertz and were then extrapolated above 10 gigahertz.l The operational noise

temperatures shown include the plumbing loss to the parametric amplifier and the

SGC 920FR-1
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calibration hardware loss. With a few exceptions, parametric amplifiers have
generally been designed to operate in the region below 10 gigahertz. This can
be attributed to the undesired reactances in the diode as well as those in the
parametric amplifier structure above 10 gigahertz. Diode dynamic quality factors
in this range have been improving steadily. Development in this direction is
evidenced by the annular GaAs varactor which is expected to provide a 3OOOK

noise temperature amplifier at room temperature. Further, only recently tech-
niques have been implemented which use pump frequencies below the signal

frequencies.(g’B)

From the curves shown in Figure 4,1.1-1, it is clear that cooling is
mandatory for DSMCS applications above 4 gigahertz if an enviromment limited system
is to be achieved with available diodes. Parametric amplifier specialists indicate
that with comparable cooling, the parametric amplifier will out-perform the maser(u)

An operational 50 gigahertz cooled parametric amplifier appears quite probable
within g few years(S). The future improvements in the parametric amplifier diodes
and structures is not as clear above 20 gigahertz that it can be predicted with
confidence that an environmental limited system is possible. Below this frequency,
however, 20° Kelvin noise temperatures are quite probable. A parametric amplifier
at the low noise temperatures would be preferred to a maser amplifier, The para-
metric amplifier does not require high magnetic fields as the maser, it can be tuned,
with some difficulty, and is much less susceptible to saturation(h). In addition,
the parametric amplifier noise temperature is not as sensitive to the bath thermo-
metric temperature. Maser gain decreases rapidly as the maser material thermometric
temperature increases above 4.2° Kelviﬁ(6 . Parametric amplifier liabilities in-
clude a strong sensitivity to pump source and circuit variations. Methods are being
developed to stabilize this variation so that these amplifiers may be used in

radiometry where gain stability is critical.(u)

Unlike the parametric amplifier, the maser amplifier cannot operate
at BOOO Kelvin ambient but must be immersed in cryogenic liquids. The particular
thermometric temperature at which adequate gain is achieved is dependent on the
magnetic field, host material, doping concentration, and pump frequency. In

. . . o .
general, present masers are immersed in fluids 4.2° Kelvin or colder as was the
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case for all the masers noted in Figure 4.1.1-1. The high density of maser ampli-
fiers below 10 gigahertz can be attributed to the fact that the host material until
recently was ruby with a zero-field splitting frequency of 11.4 gigahertz.
Materials research is continuing in the search for host materials in which maser
amplification can be achieved at higher frequencies and with reasonable magnetic
field requirements. A notable result of this research is represented by the symbol
M8 on the plot. The system has already been packaged for operational use. The
results of this maser program demonstrate two points. First, follcwing the dis-
covery of a host material with the appropriate characteristics for high frequency
operations, the maser and peripheral apparatus necessary for a successful operation
are substantially the same in content, size, and weight as that of lower frequency
systems. Secondly, pump frequencies near the channel frequency are practical since
this maser was operated at 4O gigahertz with a 43 gigahertz pump. With respect to
DSMCS applications, the fixed equipment character, size and weight provides a
conservative estimate for future higher frequency maser systems. The low pump to
signal frequency ratio indicates that higher frequency systems can be developed in
the near future with present pump power levels. This low ratio was not possible

in the ruby host because of cross-relaxation effects. Maser oscillation has been
achieved at 96 gigahertz with only a 65 gigahertz pump(T). This effort, when

published, was far from producing an operational device.

The weight and size of all the existing maser amplifier systems is
relatively independent of the signal frequency for comparable operation. Closed
cycle systems are usually separated into two groups. The maser amplifier, Dewar,
magnet and initial detector are located in a compact package at the focus of the
antenna to minimize receiver noise temperature. The cryogenic compressor and
high level electronics are at a more convenient location near the antenna. The
focus package for operational ground based systems weighs 180 kilograms to 300
kilograms'(300 to 500 1bs) and occupies .09 to .17 cubic meters (3 to 5 cubic feet).
The compressor for these systems constitutes most of the weight of the ground
group, from 420 to 480 kilograms (700 to 800 1lbs). The most significant parameter

of note is the power consumption of the present cryogenic refrigerators; 3.4 to 6
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kilowatts are required to extract a continuous heat load of 1 watt of L4.2° Kelvin.
A survey of state-of-the-art refrigerators reviewed in Section 4.4.3 indicates that
for space application systems, specific powers of 1000 (dﬁtts power input over cool-
ing power at 4.2°K) and specific weights of 22.6 (kilograms weight over watts cool-
ing at h.EOK). An accurate measure of the reliability of these developmental units
is not available yet. Steady-state heat loads run near.5 watts for ground based
systems. A DSMCS low noise amplifier heat load is difficult to predict because
there is no comparable space system. The reduction in convective loss insulation
will be offset by an increase in radiation. An alternative to a refrigeration
system would be simply a large Dewar filled with cryogenic fluid which would have
to be replenished periodically. In order to provide a half watt steady-state at
4.2° Kelvin for one yvear, 1,100 kilograms (2500 1lbs) of liquid helium must be
vaporized. The low density of liquid helium causes the required volume to be 10
cubic meters or a cube 2.16 meters (7.6 feet) on each side. Although a comparison
of the closed loop to the open loop system seems to be strongly in favor of the
closed, the additional weight costs to power the closed loop system dissolve

this advantage at certain altitudes. This will be discussed in the final system

tradeoff section.

Research in super conducting magnets is expected to soon provide
operational, very high magnetic fields within small volumes. The obvious marriage
of super conducting magnetics and maser amplifiers in cryogenic fluids is inevi-
table. The higher field requirements of masers that will be built above 35 giga-

hertz can be achieved with the magnets using much less space and weight.

RESUME

A review of the detection and predetection amplifiers in the two to
one hundred gigahertz region clearly indicates that either a parametric amplifier
or a maser amplifier followed by appropriate detection willout perform any other
methods for a DSMCS. Below 10 gigaheriz a 3OOo Kelvin ambient parametric ampli-
fier noise temperature is low in comparison to other uncooled devices in that

region, but it is much too high for DSMCS application, as can be seen in Figure
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4,1.1-1. 1In order to reduce receiver noise temperature to the 10 to 20° Kelvin
region where a system would be environment limited rather than receiver limited,
liquid helium temperature baths are necessary. A nominal one-half watt heat load
for a one-year mission can be satisfied by either a closed cycle refrigerator or
a refillable Dewar. The weight of the closédepyele refrigerator is much less
than the Dewar; however, the weight necessary to provide energy to operate the
refrigerator is considerable. The two approaches will be compared in the final

system tradeoff section where the energy source weight is considered.

Environment limited DSMCS cooled amplifiers either parametric or
maser will undoubtedly be avallable Before ten years pass. This is clear if it
is remembered that the first maser amplification occurred only ten years ago(.8 ).
Also the foundations of parametric amplification were made in that time(9 ). The
20° Kelvin, 35 gigahertz system noted as M8 of Figure 4.1.1-1 is indicative of
the rapid pace of low noise receiver technology. The noise temperature of low
noise amplifier systems within the amplifier assembly will undoubtedly be below
20°k up through 100 gigahertz. The remaining receiver noise will be engendered
by losses in the apparatus connecting the amplifier to the antenna. These may

be reduced by careful design and further cooling of the transmission line.
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k1.2 SATELLITE TRANSMITTER

A survey of the devices available to generate radio-frequency
power in the 2 to 100 gigahertz band revealed a large combination of candidate
exciters and amplifiers with characteristics of varying applicability to DSMCS.

For expediency, the survey does not specifically indicate the references in the
open literature, the manufacturer's specification sheets, and the private com-

munications upon which it is based.

The average output power was assumed to be of primary
importance. Consideration of the prospective rf power generators is divided
into two groups, those below 10 gigashertz and those above. This dichotomy
is basically historical in that the depth of effort in rf power design below
10 gigahertz far exceeds that above, due to the long use of this band within
the atmospheric window. The survey is further divided into low and high
power sections, because of the power limitations of certain power generation
mechanisms but also because of the need for an alternate receive only DSMCS.
The low power review will be of value in assessing the high-frequency spacecraft
transmitter feasibility also. Following a review of each candidate device
characteristic and peripheral equipment, selection for each band will be made

on the basis of the DSMCS requirements.

Below 10 Gigahertz

Three vacuum tube amplifiers generate power at one watt
Oor greater with reasonable efficiencies below 10 gigahertz, the klystron, the

amplitron, and the TWT (traveling wave tube). Variations on these devices, in
addition to other devices, could fulfill the exciter requirement. The exciter
is not important here since it can be small compared to the amplifier and would
be mated to the amplifier so that no significant addition in equipment is
necessary. Also worthy of consideration is a solid-state multiplier chain.

In this case the exciter would be significant both in size and weight.

The klystron amplifier is the oldest of the vacuum tube
amplifiers reviewed. As in all the amplifiers considered, the gain should be
30 decibels or greater, and the reliability should be approximately 20,000 hours
or greater for DSMCS consideration. The large MTEF is mandatory in order that
the total system including the refrigerator with a present 9000 hours MTRBF
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approach one year. The average power handling capability of the operaticnal
klystron is approaching one megawatt. Its poﬁer 1limit has not been approached
because in this linear beam amplifier only rf currents flow in the rf structure.
The large power dissipation occurs at the collector which can be removed from
the rf structure. Overall efficiency runs from 20 to 60 percent, the high
values being at 1 kilowatt or greater. Collector depression also enhances
efficiency. Simple klystrons provide .1l to .3 percent bandwidth. This is not
too serious a constraint for most deep space channel rates. Because of their
long development, klystrons have been designed to operate up to 15,000 hours.

The fregquency stability and phase linearity of the klystron are excellent.

The primary asset of the amplitron is its high efficiency.
This is attributable to the direct conversion of potential energy to rf energy
without the conversion to kinetic energy as in linear beam devices such as the
klystron and the TWI. The amplitron is essentially a magnetron where the elec-
tron stream interacts with a backward wave non re-entrant rf structure and which
includes an input port for contrcl of the wave. The total efficiency normally
runs between 40 and 55 percent, but can exceed 80 percent in a single high
power (3 megawatt peak) tube. Amplitron continuous power levels are approach-
ing 1 megawatt and thus power capability does not constitute a limit here.
The gain at these levels, however, are near 10 decibels and therefore the over-
all efficiency with cascaded amplifiers is approaching that of a klystron. The
amplitron is relatively new and therefore is relatively complex in operation.
Heater power must be programmed during the warm-up cycle and some external logic
is necessary to recycle the tube if input power is lost. The tube bandwidth
normally runs 10 percent of the carrier. With present tubes, the gain does not
meet the 30 decibel criteria because of the inherent instability of a bi-
directional amplifier. However, these devices are approaching 20 decibels gain
and an additional 10 decibels appears quite reasonable in the near future. A
key specification of concern with the amplitron is reliability. Insufficient
data exists to accurately estimate the life from the tubes recently put into
service. Raytheon predicts 10,000 hour MIBF total transmitter reliability
based on RADC parts failure rate and actual component part stress. A rough

approximation of the reliability can be made from the experience with the

similar magnetron. The magnetron at best runs approximately 5,000 hours MIBF
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and therefore some doubt exists as to the reliability of the amplitron for DSMCS

apprlication.

TWT amplifiers fall between the klystron and the amplitron
in terms of engineering experience with the device. Average power limits of 30
kilowatts are more than adequate for DSMCS application. The efficiency of the
IWT is generally lower than the klystron and the amplitron, from 15 to 40 per-
cent overall with the higher efficiencies occurring at higher powers. The
bandwidth runs 10 to 50 percent and thus is worthy of no further consideration.
The stability and support equipment specifications of the TWT also fall between
the klystron and amplitron requirements. The stability difficulties of the TWT
are steadily being reduced. The phase linearity per gain increment is comparable
to the klystron. TWT reliability is undoubtedly the best in the vacuum tube
amplifier class; 30,000 hours have been demonstrated and 80,000 hours have been

predicted for low power tubes.

Solid-state power generation can be accomplished by straight
amplification up to approximately 2 gigahertz and by mixing methods to higher fre-

quencies. Transistor technology permits efficient amplification in the 100 to 500
megahertz range for low power levels and steadily decreasing efficiency at higher
powers. Appreciable power can be achieved by mixing methods in the 1 to 10 giga-
hertz range. Through a combination of doublers and triplers, up to 10 watts of
power is expected. The optimum mixing levels for efficient doubling or tripling,
or whatever harmonic is desired, is a function of the drive level. By selection
of the appropriate varactor, an efficiency versus frequency may be achieved as
shown in Figure 4.1.2-1. A .0l watt 350 megahertz exciter level with 18 watts
drive into the mixer chain was assumed for the figure. When a solid-state
transmitter must be modulated, the up converter at the final stage may be used

to place the information on the carrier. Bandwidth of .1 to .2 percent are
generally achieved with an up converter, although an order of magnitude increase
in bandwidth can be achieved at the expense of some decrease in efficiency. The
reliability of semiconductor circuitry is exceptionally good. MIBF of 30,000
hours are very probable for DSMCS if sufficient shielding is provided to preclude

radiation deterioration.
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Low Power

The selection of the best low level power source for DSMCS
is contingent on many of the parameters already mentioned in addition to the
physical parameters not considered yet, such as weight, temperature, and
sensitivity to g loading at 1iftoff. The significance of the transmitter weight
for the DSMCS must be examined in relation to the total satellite weight. Total sat-
ellite weight ranges from 3,000 kg (6600#) to 7000 kg (15,400#). A 1.0 kilo-
watt transmitter would weigh only 25kg (55#) plus heat dissipation apparatus.
Thus, transmitter weight is a small fraction of the total. Further, since the
primary function of the DSMCS is reception, there is no significant
weight with which the transmitter weight may be traded. At low power levels
any of the vacuum tube amplifiers or solid-state sources could satisfy DSMCS
electrical performance criteria. The TWT, klystron and solid-state amplifiers
of the present technology level exhibit reliability levels sufficient for DSMCS
application. At low powers, however, the TWT exhibits a clearly better reliability
than the klystron. Present solid-state transmitters are generally below 10 watts
at 2 gigahertz and steadily decrease to approximately 1 watt at 10 gigahertz. A
comparatively high sensitivity to temperature exeursions could increase the com-

plexity of solid-state thermal design but not preclude its use in the DSMCS.

Although both the solid-state varactor chain and the TWT are non-linear devices,
the solid-state amplifier output harmonic content is a much stronger function of
drive level than the TWI. In addition, the TWT is less susceptible to radiation
existing at DSMCS altitudes than the solid-state devices for the same level of
shielding. Considering the present need of DSMCS, it appears that a solid-state
varactor chain with a final stage upconverter is most suitable up to about 5
watts and a TWT amplifier through 100 watts. The general preference for the TWT

is verified by the success of the Hughes Aircraft TWT's on Mariner IV, EARLYBIRD,
and SYNCOM II and IIT.

High Power

Above 100 watts the TWT and the klystron are the only
amplifiers with reliability necessary for DSMCS. At this level the klystron
verified reliability generally exceeds the TWT. Most of the ultra reliable
TWT systems fall below 50 watts. Klystrons have demonstrated MTBF of 5000 hours
and in some tubes have exceeded 15,000 hours above 100 watts. Above 100 watts
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which runs from .5 to 1 kg per electrical watt
far exceeds the transmitter weight where 5 watts out per kg is typical for
ground systems. The klystron is generally simplér to operate and can generate a
wide range of output levels in contrast to the TWI. Thus, the klystron amplifier
appears to be most suitable for a high-powered DSMCS transmitter, although more
operating experience at high power with the TWT may show its reliability to be

comparable to the klystron.

Above 10 Gigahertz

In the interim region between 10 gigahertz and the milli-
meter band (30 gigahertz to 300 gigahertz) rf exciter and amplifiers differ very
little from those below 10 gigahertz. The number of devices in this region is
comparatively low because the water absorption line generally reduces the system
advantages that might be achieved by raising system frequency for ground-to-
ground systems. In this interim region, the designs are generally scaled-down
versions of below 10 gigahertz devices. As a design scales down the mechanical
tolerances and heat dissipation capacity of the elements diminish. At
approximately 30 gigahertz, the tolerances and maximum power capacity are
reduced to the point that the usual manufacturing and design methods cannot be
utilized. It is this region above 30 gigahertz that this section is devoted.

In this region, high power is considered to be that above 10 watts rather than

100 watts and will be used accordingly.
Low Power

There are numerous methods of generating milliwatt rf power
levels at 30 gigahertz. These include diode mixers, tunnel diode amplifiers,
maser, oscillators, and Cerenkov radiators. Each of these devices are limited
for the foreseeable future to less than one watt. Between one watt and ten
watts, the rf power is derived from klystron and TWT amplifiers and O-type BWO
(Backward Wave Oscillator). These designs are modifications of lower frequency
devices in order that reasonable power outputs can be achieved. The heat
generating collectors on these devices can be relatively easily moved away
from the rf structure. The intimate relation of the dc and rf fields in the
crossed field device precludes moving the heat generating anode from the confined
interaction area. The traveling wave tube helix has caused some difficulty in
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the millimeter range but has been replaced by stronger structures intended to slow
the wave down. All the linear beam devices, klystron, TWT and BWO (a single port
TWT) are fairly new to this frequency range and so little has been established
regarding reliability. Their characteristics are about the same as their low-
frequency counterparts, with the exception of generally lower efficiency.
Traveling wave tube designers have predicted that reliability in this range

will be as good as the low power below 10 gigahertz devices within a few years.
Any of the linear beam devices are adequate for DSMCS application if a reasonable

reliability can be achieved.
High Power

Above 10 watts, tube design is experimental or at best,
developmental. Liquid cooled fixed frequency klystrons have been recently
introduced on the market in the 10 to 100 watt range. Above 100 wattsbtwo
experimental developments show promise for large powers in the near future.
Hughes Research Laboratory has developed a traveling wave tube using coupled cav-
ity slow wave structures which produces 6 kilowatts average power at 55 gigahertz
and is expected to generate 1 kilowatt at 100 gigahertz. The overall efficiency

using depressed collectors is 25 percent. A 3000 hour life test was successful

in the amplifier configuration and an 8500 hour test was successful in the
oscillator mode. TWT reliability equivalent to those below 10 gigahertz are
considered quite possible by the designer. Another high power tube of recent
success is the Ubitron, designed at General Electric. Peak powers of 100 kilo-
watts at 50 gigahertz have been obtained with expectation of 15 kilowatts average
power. The Hughes design alone represents verification that high power can be

achieved in the 30 to 100 gigahertz region with high efficiency.

Conclusion

The total transmitter weight is small compared with the

total satellite weight, and therefore weight does not represent a basis for

selection. Below 10 gigahertz several devices can provide the electrical

characteristics as necessary for DSMCS. The selection criteria was reliability.
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Below 10 watts the solid-state exciter and mixer is preferable. Between 10
and 100 watts, the TWT demonstrated reliability is best. Above 100 watts,
only the klystron reliability has been verified and thus is preferred.
Above 30 gigahertz little data are available to judge the reliability of
the devices since the designs are relatively new. Below 10 watts, linear
beam devices such as TWT's, klystrons, and BWO's appear most suitable for
DSMCS application. Above 10 watts the designs are generally experimental.
However, the laboratory results indicate that kilowatt power levels are
possible at high efficiencies at 30 gigahertz or greater. Designers feel
that both the high power and low power millimeter tubes could be designed
to be as reliable as the amplifiers below 10 gigahertz within a few years.
Figure 4.1.2-2 represents a realistic estimate of total TWT conversion
efficiency above 100 watts. A deep space spacecraft transmitter will be

at this level by the DSMCS operational era.
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4,1.3 ANTENNA ELECTRICAL DESIGN REQUIREMENTS

Introduction

The primary result of the antenna design effort established
a functional relationship between the available antenna gain and system opera-
ting frequency for a family of available antenna weights. It is the intent of
this section to completely relate the antenna electrical characteristics to the
mechanical tolerances. The objective of the antenna subsystem is to coherently
add the signal energy of a plane wave over as large an aperture as possible.
The noise induced by antenna loss: must be as small as practical and at worst
near that duvue to the receiver. ©Similarly, the sidelobes should be sufficiently
low that the earth radiation noise is lower than the receiver noise. A variety
of large aperture antennas are examined in this section in order to determine
their capability to meet these objectives. The gross features of the candidate
antenna types were examined initially to determine whether or not further study
was warranted. The effect of surface deviations in a passive reflector was
examined along with consideration of feed position tolerances. Following a
review of the necessary electro-mechanical analytical relations, they will
be applied to the remaining candidate antenna types in order to determine their
relative and absolute performance for the generation of the gain and frequency

vs weight data for the system trade-off study.
4,1.3.1 Antenna Types

Six distinct types of antennas have been suggested for
consideration, Prime Focus Paraboloid, Cassegrainian Paraboloid, Multipole
Parabolic, Spherical Reflector, Fresnel Reflector and Planar Array. The unique
characteristics of two of the antenna types and how they effect system perform-
ance will be considered first. These two are the planar array and the array of
parabolic dishes. The critical parameter of a planar array in a DSMCS applica-
tion is the antenna system insertion loss. The system noise temperature which

effects channel capacity increases by about 7OK for every .1 decibel insertion
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loss increase when it is at a thermometric temperature near 300°K. The received
plane wave may be coupled to a low noise receiver one of two ways. Either the
wave may be received by an array of slots one-half wavelenglh apart and combined
in a fixed waveguide network or a planar array of controllable time delay elements
could focus the wave onto a feed point. In either case, it can be assumed that
the preamplification and detection occurs after the energy has been collected
since the number of separate low noise systems and support apparatus for a many
wave aperture is prohibitive as i1s the noise temperature of a preamplifier that

is not cooled to cryogenic temperatures. Antenna apertures for DSMCS consider-
ation, by necessity, is greater than 500 wavelengths across. The loss experienced
by a signal traveling through 500 wavelengths of TE

01
from 2 to 6 decibels for the frequency range of 2 to 25 gHz. Although the TOK

standard waveguide ranges

increase for each .1 db loss increase approximation is not precise at these

loss levels, the noise contribution is clearly excessive and prevents their

use. Oversize wave guide could half the loss but this is not sufficient. Another
factor which suggests that large slotted arrays not be used is the extreme
difficulty in machining arrays composed of thousands of slots. The slot

position tolerances preclude implementing the rigidized, though less stiff,

foam array above approximately 10 gHz.

The waveguide insertion loss penalty of a planar
array could be avoided with a flat array which is illuminated via free space by
feeding it at a distance from the array. The position of the feed relative to
the array would be controlled by adjustable struts. The necessary time delay
character of this lens can be achieved by active phase shifters or some passive
delay method. The control complexity and the insertion loss of an active system
for DSMCS application are also prohibited. Passive methods such as variable
waveguide lengths for rods have not been built with apertures greater than 100
wavelengths because of the excessive machining tolerances. Earth radiation
contributions to the system noise in a passive lens could be appreciable due to
the strong scattering of the wave entering the lens. No further consideration
of this type of antenna system are planned, primarily because it did not exhibit
any particular superiority over single parabolic reflectors in an array and it

is much more difficult to build.
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Another antenna type considered was an array of
parabolic reflectors. The optimum number of antenna elements in such an array
is a compromise between Lhe weight and difficulty of implementing many receivers
and the improvement in channel performance due to such an increase. Three or
Tour elemental apertures appear to be the most appropriate number considering
general DSMCS requirements as well as the limited experience gained through
adaptive arrays on the ground. The phase-lock loop at each array element can
compensate for phase path difference to each feed from a plane wave but only
if the spacecraft is in the beam of the elemental reflector. The spacecraft
is maintained in the beam of each element of the array if the angle between
the plane of each element is kept below l/lO the beanwidth of the elemental
array under all expected loading conditions. The effect of thermal and inertial
loading on the angle has been examined for mechanical structures established
by other requirements. An extreme thermal loading condition would be a 60°K
temperature differential across the support structure. This condition would
produce an angular difference between adjacent parabolic elements of .OO3O.

An inertial load of .8 g's,which is far in excess of the expected ACS loads,
was necessary to produce this same angular difference. Since this angle error
combined with an uncorrelated .0026° standard deviation of erection tolerances
is more than a factor of 10 below the .04° minimum beamwidth, further study of
an array of paraboloids up to the .04° beamwidth was warranted. The character-
istics of each elemental paraboloid are identical to those of the large

single paraboloid. The relative merits of one or an array of paraboloids and
other passive reflectors including the Cassegrainian, spherical and stepped
paraboloids (Fresnel) will be discussed following a presentation of the general
theory relating the electrical to the mechanical characteristics in a passive

reflector system.

4.1.3.2 Mechanical to Flectrical Relationships

The deviation from the desired antenna pattern
due to mechanical distortions of a reflector can be separated into two classes,
systematic and random. The systematic error is that deviation in a pattern
from the ideal that can be calculated precisely for given mechanical errors.
The random error is a statistical measure of the probable difference between
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the actual pattern and the intended pattern induced by random mechanical
deviations. The effect of the random error will be reviewed first followed
by the systematic errors. For both types of error the computation of the
exact pattern involves solving the integral of (1) and (2) for the antenna

current distribu.tions.l

- _ 'J‘w“' [ . - . -'. —

Eq (8, @) = TR JVO{ ig exp (J kp - R) av (1)

E’cp (6, @) = %r—r% jv Kj i'cp exp (jk p + R) av (2)
0ol

The coordinate system for these far field approximations is shown in Figure 4.1.3-1.
R is the unit vector in the direction of observation and p is the source position
vector. For a few simple current distributions the field can be determined but

for most real antennas, the integration is a very tedious computation. The
integration has been mechanized for the general case on other antenna studies

on both an analog and digital computer and it is still quite tedious. The
integrations for an arbitrary current distribution in the case of the digital
computer is implemented by breaking the current distributions into small

apertures over which the phase deviation is small, and summing. The computation
required for the 500 wavelength and greater diameter antennas considered for DSMCS
is large. The computation is particularly difficult for the random error case
since many patterns would have to be computed to build up the necessary statistical

moment accuracy of the ensemble pattern.

In order to facilitate the computation of antenna
pattern distribution due to random errors, the statistical analysis of Ruze will
be considered here.2 This work was primarily intended for pattern errors induced
in parabolic reflectors. The analysis not only avoids the tedious computation
of patterns but also provides a description of the distribution of the antenna
characteristics. In order to make the analysis tractable, however, a number
of assumptions were required in the analysis. Their applicability to DSMCS
antennas is of primary concern. There are four assumptions for the continuous

aperture analysis.
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(1)

(11)

(111)

The errors are uniformly distributed over the aperture.

Thus, 1f the usual convention for computing root mean

squared phase error by doubling the deviation of the reflector
from a desired paraboloid is used, the result will be
conservative. The validity of this assumption is a strong
function of the reflector F/D (focal length to diameter
ratio), the assumption being more valid at the large

F/D ratios.

The local deviations from the desired surface are independent.
The validity of this assumption is strongly dependent on

the separation of the forcing function causing the anomaly.
Also, the number of independent forcing functions such as
manufacturing tolerances, deployment tolerances, thermal
loads and inertial loads, effect the dependence of localized

distortions over a single reflector.

The deviation of the true reflector surface from the desired
is gaussian distributed and the correlation function of the

phase error over the surface is of the form (3)

¥ (-2 & [1 - exp (~1/e;” (3)

Where y(7) is the phase difference between two points separated

by T

52 is the mean square phase deviation of all points.

cq is the correlation interval.

The gaussian approximation will usually be valid for any
antenna which is distorted by many comparable loads due to
the central limit theorem. By the same theorem, it can be
shown that the correlation function does represent the auto-
correlation function of the actual dish regardless of the
indention shape if the number of indentions or deviations

is large.
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(1v) The current distribution changes very little over a

correlation interval.

The increase in sidelobe level due to the reflector deviations

is described by the normalized antenna average pattern (4).

™ - /
222 - 2 P2 2 .2
P(8) = Po(e) + &_glILEL ZJ %QTJN exp |- e S;n e (4)
SR S \ N A

where Po(e) represents the pattern of an undistorted paraboloid.

& represents the phase front deviations 62 “4(2%) d2

2
(a” represents the reflector distortion)

GO is the undistorted reflector antenna gain

If ¢ > A and [62 ] < -EF (4) can be approximated within 1 decibel

by (5)-

=N

b c%n EE '--ng sin2 8 ¢
P(0) = Po(e) +t —5—— exp —_—— (5)
A GO A J

It is clear that the correlation interval is critical for sidelobe control. The
larger correlation region has the effect of directing the sidelobe power due to
distortions along the boresight axis. Also, the increase in sidelobe level with
frequency is to the fourth power. If the correlation region is small @ﬁ‘< < )
distortion induced sidelobe levels are independent ofvthe pattern angle.
Equation (5) has been plotted with an 800 wavelength diameter aperture for

three different reflector tolerances in Figure 4.1.3-2. Also, Figure 4.1.3-3
shows the average sidelobe for a family of aperture diameters as a function of
the reflector error. Because the distortion induced sidelobes are inversely
proportional to gain, the average sidelobe relative to an isotropic antenna is
constant. Thus, the antenna noise power received through the sidelobes is

relatively fixed over the range of aperture diameters.
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The degradation in the average antenna gain due to

reflector distortions is described by (6)

® N
— _—
G 24 2 2
o _ (87) _cfn
TSI EL W Z 2 - exp ( 5 )
NA
(6)
2 T
- B 1 - exp ( cim )
22 2
cym { N A
For ¢y << \ this reduces to (7)
G 3 n2 c% 62
o —— (1)
o hoA
And for the more probable situation for DSMCS of ¢y > > A.
G 2
e =exp (-87) (8)
o

This is plotted in Figure 4.1.3-4 along with intermediate values of ¢y The
analysis of Ruze further shows that the gain of a group of antennas all exhibiting
the same reflector distortion statistics are distributed in a gaussian manner

with the average gain reduction indicated by (6) and the second moment by (9).

2 3
0_2 - )-l- 02! T ) (9)
A G
o)

This is plotted for three correlation intervals with a nominal gain of 66 decibels
(4 x 106) in Figure 4.1.3-5. The spread of the distribution is clearly small

even if the correlation intervals are large when the gain is high.

The accuracy of the Ruze analysis is substantiated
by its wide acceptance. Many antenna designs have verified the results since
Puze made the first verification with a .76 meters (30 inches) parabolic
reilector at X-band in 1952. Even in large reflectors (> 15 meters) where the
assumptions two or three are not strictly valid, the gain and sidelobe relations

derived by Ruze are found to accurately predict the antenna characteristics.
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The reduction in the antenna gain due to surface
distortions is described by (8) for most of the antennas under consideration
for DSMCS. The gain of the perfect reflector with a feed accurately positioned
is described by (10).

6, =K ()P (10)

where Kl is a constant which depends on the aperture illumination, therefore,

¢ -x ()% exp (-89 (11)
Using — _

62 = b ( g% )2 d2
and

G =K (Zﬂ;\—)2 exp [-( L;\n )2 d_§J (12)

This function increases with frequency until a maximum occurs which corresponds
to the point where the reflector distortions are equal to a fraction of a wave-
length and then decreases thereafter. The peak of the function is found by

differentiating and setting the result equal to zero followed by a substitution.

K 2
a _ 1 D l] (l )
Limit = 2 (52) T SXp |- 3
Using a nominal value for K s .60.
D 2
= . 14
Cpimiy = 0% '"2_%—) (14)
(a%)
The maximum gain occurs at fo.
f - [—] 25)
2
hr (a7)
or . %
2 A A
(@) =5 =1%
let 2
— 2
2, A
(a7) = drms
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Figure 4.1.3-6 and 4.1.3-7 show the relation of D/drmS to gain at the gain limit

and the necessary relation of diameter to frequency to achieve it, respectively.

In the preceding discussion it was assumed that
the reflector was illuminated from a point source located precisely at the focus.
The effect of a deviation of the radiating source center from the paraboloid
focus on the directivity or gain and beam position is considered next. The
deviation of the source center in the direction normal to the axis will be
considered first followed by the more complex axial motion. A linear distortion
of the phase (@) of a plane wave radiation from an aperture tilted by @ can be
described as in (16).

p=Kor (16)

where r is the radial distance from the center of the aperture.

This distortion is accompanied by a change in
the boresight axis of the main lobe of the antenna pattern by (17).
6=« 17)

The parabolic reflector phase front distortion due to a small deviation X

normal to the paraboloid axis is not linear but is described by (18).

@' = [K cos® —g— X % (18)

where F represents the focal length
® represents the angle subtended by the dish at the focus.
T

@ =2 arc tan g (19)
The deflection is small compared to the focal length.

X <L F

% = tan o ~ & (20)

¢ ﬁ‘K[cosg —g—] ar (21)
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Comparing (21) to (16) it is seen that the phase front departs from a single
linear function by (22).

0052 —g— (22)

At the aperture edge s

I 2 Qo
1 o ——
® [K cos 5| ar, (23)
over the whole aperture
5 ]
¢, >|K cos —% or (2h)
and thus,
5 &
| 87 > a cos —% (25)

and therefore the actual main lobe deviation must fall somewhere between the
two extremes of (25) and (17).

| « cos2 _EQ | <] o' |<|«| (26)
2

The beam deviation is shown for both extremes as a function of F/D Figure 4.1.3-8.
From the normalized plot it is clear that at low F/D the beam deviation can be
estimated to a reasonable accuracy by selecting the center of the range. The
loss in gain or directivity at gain maximum due to this motion is negligible

for the small beam deviations shown in Figure 4.1.3-8.

Motion of the feed along the paraboloid axis
is more probable than normal to it with some of the symmetrical support structures
considered for DSMCS. The gquadratic error induced by motion of the feed phase
center along the axis is equivalent to the errors which occur in the near field
region of any aperture. The directivity or gain and beamwidth changes in the
near field are normally described by the parameter y. For a taper circular

aperture Yy is described by (23)3.

. 3
1 16 A 16 A i 128 A u
? = - 1l - s S + n2 (1 cos 8"7\)] (27)
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where

_ 2108

- R

s |

The beanwidth of the antenns increases by Y and the gain reduces by l/yg. These
results for the Fresnel region are converted to equivalent axial movement through
the edge phase error of the focused antenna compared to the edge error of an
improperly located feed. Figure 4.1.3-9 shows l/Y2 for a normalized feed

displacement. For purely symmetrical distortion the boresight does not move.
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4.1.3.3 PRACTICAL ANTENNA CHARACTERISTICS

In addition to the review of electro-mechanical relations of
the preceding section, this final report includes a thorough review of the
practical mechanical antenna tolerances in another section. With the
mechanical characteristics which evolved from that effort and the electro-
mechanical relations established, the characteristics of a practical antenna
are determined in this section. The primary emphasis will be on the antenna
gain since the other characteristics are not as difficult to control nor
are as critical to the overall system performance. The parabolic reflector

antenna with a feed located at the focus will be considered at length first

because the results can be extended readily to other antenna systems.

The parabolic reflector antenna with the feed located at the
focus is subjected to at least four major distorting forces. They are
the manufacturing, erection or deployment loads, and the environment loads
caused by thermal and inertisl effects. These loads affect both the re-
flector characteristics and the accuracy and stability of the radiating
feed position relative to the reflector. With the exception of the thermal
loading each of these loads has a random character because of the large number
of forcing functions which produce the deviation from the desired position.
In order to evaluate the relative effect of the various loads, on antenna
gain, a common reference system is required. Because the maximum gain is
desired the axes of Figure L.1.3-7 are considered ideal for this purpose.
Figure 4.1.3.3-1 shows the D/drms ratio for the single solid paraboloid in
addition to three other types due to manufacturing and erection errors in
the reflector on these axes. Superimposed on this plot is the nominal gain
available for a system with the same aperture efficiency as was assumed in

Figure L.1.3-6, and a perfectly located feed.

The maximum gain region for the single solid paraboloid occurs
far above the diameter acceptable for a standard shroud assuming that the
maximum DSMCS study frequency, 100 gHz, is utilized. Figure 4.1.3.3-2 in-
cludes the reflector distortion due to what is estimated to be a 1lo thermal
load. Details on the appropriate qualifiers leading to the thermal distor-
tion computation are included in the mechanical review section. The shell
analysis discussed there showed that the distortion is independent of the
diameter and that for a fixed feed a D/drms equivalent to a 7O decibel gain
is expected. With a backup structure to the shell an additional 4 decibels
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of gain is possible. The shell analysis also computed the position of the focus

for a minimum reflector distortion using a least mean squared criteria. The gain
improvement with an adjustable feed is available for the larger diameter without
backup structure on the shell. However, an operational sensing mechanism to de-
termine the best position of the feed and a method of compensating for an error

is quite complex and will not be considered seriously now. The effect of inertial
loading is also shown in the mechanical review section. The results are not

plotted in Figure 4.1.3.3-2 because the present attitude control system design loads
cause reflector distortions several orders of magnitude below those of the thermal

load.

The effect of moving source center of the radiating feed from the
reflector focus is a function of the allowable pattern degradation and the para-
boloid F/D ratio. A compromise ratio of .42 was used for the mechanical design.
Ratios below .25 cause primary feed pattern problems and above .6 the feed struc-
ture tolerances becomes unwieldy. This value is typical of earth antenna design.
Figure 4.1.3-8 describes the allowable feed motion normal to the paraboloid axis.
Using a .1 beamwidth allowable boresight axis motion, a feed movement of about
A/25 is indicated as maximum. With this criteria the maximum allowable frequency
for a given feed deviation from the paraboleoid axis is plotted as a function of
diameter for erectable and non-erectable feeds in Figure 4.1.3.3-3. Figure 4.1.3.3-4
shows the effect of thermal loads on the focus motion using the same A/25 criteria.
Axial motion of the feed does not move the boresight axis but does degrade the
antenna gain. It is clear from Figure 4.1.3-9 that an axial feed motion of 10
times the normal to axis motion for the F/D = .42 will only degrade the gain by
1 decibel. Mechanical tolerance work for typical designs has shown that the
axial beam motion due to manufacturing erection or environment loads are no greater
than normal to axis motion by an order of magnitude and therefore axial movement

is not the gain limiting motion.

Before examining the antenna weights some general conclusions can
be made regarding the various errors distorting the reflector and feed. A general
conclusion for all antenna types is that the maximum gain of an antenna is rela-
tively flat as a function of frequency. The only exception to this is the deploy-
ment error of the erectable feed included in the Figure 4.1.3.3-3. TFor a single
solid parabolic antemna the gain limit for a fixed feed is that due to thermal

loading on the reflector. The maximum gain region for a regular or modified shroud
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points towards a 50 to 100 gHz operating frequency. A backup structure to rein-
force the shell would reduce the thermal induced distortion to that of the manu-

facturing and calibration errors.

Two other reflector material types are included in Figure L4.1.3.3-1
which could be applied to a single parabolic reflector configuration, petal struc-
ture and mesh or inflatable structure. Most of the petal structure distortion is
caused by inaccuracy of the deployment process. The distortions due to deployment
are comparable to and caused by thermal effects described in Figure 4.1.3.3-2. A
fixed feed for the petal system would be sufficiently stable based on Figure 4.1.3.3-3
and 4.1.%.3-4 relative to the reflector gain limit. Thus, a gain of approximately
TO decibels is possible for the petal structure. The mesh or inflatable reflector
of present technology is definitely manufacturing and deployment error limited.

From the trace on Figure 4.1.3.3-1 it is clear that the gains are below 50 decibels.
Based on anticipated improvements and technology, the mesh or inflatable errors
will produce an antenna of approximately 60 decibels. At the larger diameters the

feed erection degradation is comparable to the reflector degradation.

Implicit in the Figures 4.1.3.3-1 through 4.1.3.3-4 is the assumption
that the antenna is gain limited as described in (13) of Section 4.1.3.2. Further,
this implies that the Ruze analysis and its associated approximations are appli-
cable to the problem. For the cases where phase front distortions are caused by
either manufacturing or deployment errors such as in the inflatable or mesh
structure the error characteristics are compatible with the assumptions. This
conclusion is derived from the fact that the errors are caused by a large number
of local effects distributed throughout the reflector area. Their independence
is attributed to the many separate localized processes which caused the distor-
tions. Similarly, the petal structure is composed of many elements, each of which

are subject to the errors induced by the position mechanism.

The reflector error characteristics of a single solid reflector
are largely dependent on the type of backup structure used. In the case of the
unshaded shell thermal distortions dominate. The errors induced by the simple
thermal enviromment geometry assumed in the thermal shell analysis are not inde-
pendent. By adding either more backup structure or by using a more complex and more
probable thermal environment the error independence across the dish will increase.
In adding an additional thermal load such as the earth's albedo a higher order of
distortion will be induced. ©Since the solid reflector must be small in order to

fit into the standard shroud, a backup structure for such a small reflector will
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most certainly be used. This would transfer the dominating errors from those due

to thermal bending of the shell to that of the manufacturing errors on the back-

ptions are probably valid and the gain

noc 0l
donuwlipuiils il vVl 1 RALS S 43 <

limited lines may be used.

A (8ssegrainian system pattern deterioration due to imperfect mechan-
ical components is nearly identical to that of the focus fed paraboloid. The
main reflector distortions are the same. The phase errors induced by secondary
reflectors which are typically of the order of l/lO of the main diameter are
negligible since the D/drms is constant if not improving with decreasing diameter.
The sub-reflector motion normal to the axis is similar to that of the direct feed.
The feed itself would be at or near the surface of the main reflector and would

not be appreciably off the ideal position.

A survey of present and anticipated inflatabtle structure technology
indicates that the manufacturing and deployment distortions of a spherical reflector
are not appreciably less than those of an inflated paraboloid. Thus, since the
antenna efficiency of a sphere with spherical correction is much less than the
paraboloid of comparable gain, further consideration of the sphere is not Jjusti-
fied. Also, the feed necessary for correcting sphericel aberration is difficult
to build at 20 gHz and lower. At 100 gHz the feed manufacturing problem would be
extremely difficult particularly with a low insertion loss reguirement necessary

for DSMCS application.

Similarly, evaluation of the mechanical tolerances of the Fresnel
antenna has shown that it provides no increase in D/o compared to more conventional

approaches, while its greater complexity raises other mechanical difficulties.

Figure 4.1.3.%-1 indicates that an array of solid reflectors provide
the maximum permissible gain. For the unshaded antenna there is not justif-
ication for going to multiple parabolic arrays since the thermal distortions dom-
inate in a single shroud limited reflector. TFurther, the frequency at the gain
limit is beyond the DSMCS range for normal shroud configuration. Figure 4.1.3.3-2

shows that the thermal limit for each element will 1limit the gain to 7O decibels.

The antenna weight as a function of the antenna diameter for 5
antenna types is included in Figure 4.1.%.3-5. This information along with the
gain limit error plots are sufficient data in order to complete the desired
antenna gain as a function of mass and operating frequency plot. Although the

mass of the mesh and inflatable types is low, they are ruled out because of in~
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sufficient maximum gain. Similarly, the aluminum structures may be ruled out due
to insufficient gains even though the mass is half for the same diameter. Gain
limit and deflections are proportional to the thermal expansion coefficient which
is 32 times greater for aluminum as it is for Invar. Thus for thermal limited
configurations such as the solid reflectors and array of solid reflectors the
Invar is mandatory. Invar is also required for the petal configuration because
it becomes thermal limited with aluminum. Antenna gain as a function of antenna
mass is given for the three configurations in Figures 4.1.3-6 and 4.1.3-7 . The
single solid reflector is below the gain limit at 100 gigahertz for the normal
and the extended shroud. The array of solid reflectors provides 2 more decibels
gain at the normal shroud diameter which is at the thermal limit for 100 gigahertz.
The Invar petal reflector configuration is manufacturing and deployment error
limited with present tolerances at TO decibels for the normal shroud and 73

decibels assuming a 10 year improvement in mechanical tolerances.
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h.1.kh ANTENNA MECHANICAL DESICN REQUIREMENTS

Twe structural digital computer programs capable of analyzing de-
flections of antenna surfaces under inertial loadings were utilized in the study.
One of these programs utilizes the finite element approach where the structural
shell is approximated by a series of conical segments as shown in Figure 4.1.4-1.
Arbitrary circumferential loadings may be specified by expanding the loading
function in a Fourier series about the axis of symmetry of the antenna. Ar-
bitrary radial loadings may be taken into account by varying the Fourier series

from conical element to conical element. This bprogram was developed by Dr.

Stanley Dong of the University of California at Los Angeles.

In addition to these programs, a third digital program was used.
This program computes the normal deflections and the root-mean-square of the
beam path length error for the distorted parabola using the original parabola
as a reference surface. The program will also use as a reference surface a
generated parabola which is a best fit to the distorted parabola in the least
squares sense. Of fundamental importance is the determination of the minimum
number of conical segments which are necessary to accurately and efficiently,
from the machine time standpoint, approximate the parabolic surface of the
antenna. This was accomplished by calculating deflections for both a axisymmetric
loading case and an asymmetric loading case, Figure 4.1.4-2, with the parabola
approximated by first, three conical sections, then ten and finally thirty sec-
tions as shown in Figure 4.1.4-1. Selected points, using the critical case,
are shown plotted in Figure 4.1.4-3 and 4%.1.4k-4 showing the horizontal, vertical
and tangential deflections for the two loading conditions described above, and
for the different numbers of conical segments that were used. It was described,
on the basis of these curves, that thirty conical segments would be sufficient
to accurately describe deflections/rms's of the parabolic shell. This was veri-
fied by computing (using the Richardson's extrapolation technique*) what the
values should be if a reasonably large number of conical segments were used. In
all the points tested the convergence of the deflections was rapid enough to
allow the shell to be accurately approximated by thirty elements. Limiting the
number of elements that are required to a reasonable value allows the program to

predict the performance of various antenna systems economically.

* Salvadori and Baron, Numerical Methods in Engineering, Prentice-Hall,Inc.,1952.
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The effect of thickness of a parabolic shell on its deflections
is extremely critical. This 1s because there are two factors which determine
how the shell will behave; namely, extensional stiffness and bending stiffness.
The extensional stiffness is dependent on the thickness taken to its first power
while the bending stiffness is dependent on the thickness taken to the third
power. Thus, both the shell surface distortion pattern and magnitude can be
changed by having the bending stiffness predominate, the extensional stiffness

predominate, or by having both quantities of similar magnitude.

For the types of construction and materials under consideration
the thickness to diameter ratio is in the range of 10_3 to lO-T. It was strong-
ly suspected that in this range the extensional stiffness would be predominant
over bending stiffness and this was analytically proven as shown in Figure 4.1.4-5,
and 4.1.4-6. The figuresshow the change in the rms (root mean square of path
length error from best fit parabola) due to a change in thickness of three dif-
ferent diameter parabolic antennas. The figures were based on a constant "g"
inertia loading condition of 0.1, where 1.0 is equivalent in magnitude to the
gravity loading at the earth's surface. The source of this inertia loading
would be the attitude control system and was arbitrarily chosen for this analysis
as 0.1 g. ©Since for small deflections the effect of increased or decreased load-
ing on the rms is approximately linear within the range of interest, the value
for the rms may be determined for any "g" loading of the attitude control system
by simple linear scaling. The figures note that thickness does not significantly
effect the rms for any of the three diameters shown. This is because the exten-
sional stiffness which is predominant, is a function of the thickness to the first
power, and the weight of a unit area of surface on the antenna is a function of
the inverse of the thickness. Thus, for a constant "g" level of loading the ef-
fects of change in extensional stiffness and change in loading magnitude duvue to
the thickness (mass) change cancel out, resulting in a relatively constant rms.
The slight curve in the line is due to the effects of bending stiffness and would
become increasingly important as the thickness increased beyond what is shown in
the charts. Figure L.1.4-T shows the same effect but for the thermal loading
case of the antenna axis pointing directly at the sun. The same effect of exten-

sional stiffness predominance is shown for this thermal loading case as was shown
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in the inertia loading cases above. Thus, the hypothesis that bending stiffness

could be neglected was substantiated by the computer shell program being used.

[a]

The effect of E (elastic modulus) is again linear and may be seen
in Figures 4.1.4-5 and 4.1.4-6. Comparing these two figures it is seen that the
effect on the magnitude of the distortion is approximately double for the
asymmetric 1oading(loading Perpendicular to the axis of symmetry) as for the
symmetric loading (Loading along the axis of symmetry). Thus, the asymmetric

i1s the critical loading condition for the inertial type loadings.

Figure 4.1.4-7 shows the effect of thermal loading on the deflec-
tions for the symmetric condition of the antenna pointing directly at the sun.
The figure shown is for a thermal expansion coefficient "q" of 13 x 10-6/OF only,

however, the rms will again be a linear function of "g" and hence values of rms

for any "o may be determined from this graph. It is seen by comparing this fig-
ure against Figures 4.1.4-5 and 4.1.4-6 for the inertia loading cases that the
thermal loading conditions are the more critical. Hence, for a comparison of
antenna gain versus size the rms due to thermal considerations will be utilized.
rms due to the thermal loads will be nearly identical in either a solid shell or
a rigid mesh type structure. This occurs because a very good approximation of
the behavior of materials under thermal loads is obtained by using the linear
coefficient of thermal expansion which considers increase in size along different
perpendicular coordinates to be uncoupled. Thus, a solid square plate of side
length "£" will increase along both coordinates just the same amount as would a
square made of only thin wires along each edge, if the squares were both the

same size and made of the same material.

hoa.h.1 STRUCTURAL DESIGN ANALYSIS

The parabolic antenna was analytically studied to determine how
four fundamental loadings distorted the reflector surface. These four loading
conditions consist of attitude control pulses and solar heat flux vectors paral-

lel and perpendicular to the axis of revolution.

The results of the computer analysis to interrelate gain, frequency,

diameter and structural deflections concluded that the rms for grid antennas is
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much higher than solid antennas, thereby causing a gain loss for any given dia-~
meter. Gains for similar diameter antennas at the same operating frequency

give the solid antenna up to 30 db more gain than grid antennas. It should be
noted however, that grid antennas are very appealing from a structural effi-
ciency consideration. Most of the surface of a grid type antenna is void, which
lessens the weight/unit area in direct proportion to the ratio of void area to

total surface area.

The reason for the electrical inefficiency of the grid antenna is
the relationship between the thermal distortion of a grid type antenna and a
solid antenna and how they differ from a best fit paraboloid. The rms as deter-
mined from the JPL "RMS" computer program is calculated on the basis of the dif-
ference of beam path lengths between the distorted antenna and a best Tit para-
boloid to the distorted antenna in a least squares sense as shown in Figure
Lol.k.1-1. Hence, even if the original antenna undergoes large deflections in
relation to the operating wavelength, a low rms can still be achieved, if the

deflections are such that a translation or rotation of a best fit paraboloid can

minimize the affect of most of the distortion. This is the case for both the axi~

symunetric thermal loading and the asymmetric solid antenna thermal loading. How-
ever, even though the magnitude of the distortions of the grid type antenna are
no greater than the solid type, the rms becomes much greater due to its distor-
tion pattern. In the grid type antenna there are two warm regions (front and
back) and two cold regions (sides) making the minimization of the rms due *o

the shifting of the best fit paraboloid ineffective. It is because of this that
the grid type antennas yield a much larger rms and hence, a much lower gain than

the corresponding solid antenna.

There are several ways to overcome the thermal distortion problem
posed by the grid type antennas. One would be to use a thin membrane bonded to
the mesh which would be opaque to solar radiation. This membrane could also be
of use in erection of the antenna if inflation techniques are utilized. Another
method would be to encase the entire antenna in a thermal protective cover. One
other approach would be to use a thermal compensating material to overcome the
large distortions. However, there is insufficient work being performed in this

area to warrant serious consideration for the antenna system being considered.
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Hence, it is not expected that a solution to the grid distortions by a thermal

compensating material would be available for use by-the DSMCS.

From a structural point of view, operation at a higher frequency
(30-100 gHz) could be more easily accomplished than operation at lower frequency
(2.3-10 gHz). The interrelationship between frequency, diameter, and surface
tolerance for a given gain level enters here. Higher frequency communications
could utilize small (1.8 - 5.5 meter diameter) very accurate surface antennas while
the lower frequencies utilize less accurate surfaces but much larger antennas
(18 - 90) meter diameter). Very accurate small (under 5.5 meter) antennas could be
fabricated by accurately machining the surfaces; and the thermal problem could
easily be circumvented by a covering as proposed above. However, operation at
frequencies at or near 100 glz may not be desirable. In this case, two avenues
are open. One, the larger antennas may be used with additional investigation
into overcoming the thermal distortions and two, hybrid antennas may be used.
A hybrid antenna would combine the advantages of a very accurately machined cen-
ter hub region (UP to 5.5 meter) with an erectable skirt. The skirt could be con-
structed of panels, petals or grid materials. The outer skirt would be subject
to the distortions mentioned above but their smaller size plus the large support
perimeter afforded by the center hub could, when combined with a lower frequency

lead to a more optimum system.

I T I THERMODYNAMIC ANALYSIS

Critical conditions affecting antenna surface rms (root mean
square of surface distortion) are from thermal radiation emanating from the
Sun. Examples of axisymmetrical thermal flux (Sun vector zalong axis of revolu-
tion of the antenna) problems and asymmetric (Sun vector perpendicular to the axis
of revolution of the antenna) thermal flux problem were investigated. Compari-
son of results shows the latter to be the critical loading condition consider-

ing both thermal and inertial loads in both the axisymmetric and asymmetric modes.
Thermal Model of Antenna:

The following assumptions for the thermal analysis of the antenna

were made :
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haik.1.2

Radiation efferctec were HY‘QI‘I)!T“'YIQY\“P‘ over conductive effanta

The temperature was uniform throughout the thickness of the
antenna.

" "

Neither "a" or "¢" vary with the angle of incidence or
temperature.

The energy impinging on the antenna is a direct function of
the projected area.

ot

The ratio of "a" to "€" equals unity (obtainable with special
thermal coatings).

AXISYMMETRIC THERMAL CONDITIONS

This case corresponds to the direction of the incident thermal

energy being parallel to the axis of revolution of the antenna as shown in
Figure 4.1.4.1.2-1a.

where

where

SGC 920FR-1
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The absorbed energy per unit area will be

Ea = H cos § (1)

absorptivity

solar radiation at 1.0 AU

angle that tangent to antenna makes with
aperture plane

The radiated energy per unit area (both surfaces) will be

™
il

(o]
il

E.=2 0 ™ (2)

emissivity
Stefan-Boltzmann constant

temperature in degrees Rankine
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At equilibrium the absorbed energy equals the radiated energy and

hence,
u —

The above equation specifies the temperature for the axisymmetric
thermal loading condition along a meridian as a function of the tangent angle of
the antenna and is presented in Figure 4.1.4.1.2-2. The temperature does not
vary circumferentially for the axisymmetric case. The computer program was ori-
ginally written to provide Fahrenheit outputs rather than Centigrade and in
order to maintain continuity in the analysis, conversion to Centigrade was not

acceptable.

h.1.4.1.3 AXISYMMETRIC THERMAL CONDITIONS

This case corresponds to the direction of the incident thermal
energy being perpendicular to the axis of revolution of the antenna as shown

in Figure 4.1.4.1.2-1b.

On the half of the antenna exposed to the direct rays of the sun
the absorbed energy will be

Ea =¢q H sin § sin ¢ (4)

where ¢ = angle that tangent to antenna makes with the sun
position vector (see Figure L4.1.4.1.2-.3)

The radiated energy will be
E =¢c0 Tl'L
r

Hence at equilibrium

T=&\/H sin § sin ¢ (5)

)
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The above equation specifies the temperature for the asymmetric
loading condition on the half of the antenna that is exposed to direct sun-
light. The backhalf (half not exposed to direct sunlight) presents two sepa-

-~

rate cases. Onc casc considers the class of

antennas that are solid and do

not allow sunlight to pass through the frontside to strike the backside. The
other case considers the class of antennas that are constructed of wire grids
or meshes and do allow direct sunlight to impinge on the backside. These two

cases will be considered separately.

h.1.4.1.3a SOLID ANTENNAS

The backside will not receive any direct solar energy but will
receive a heat flux from the radiation of the frontside surface. It was cal-
culated that the average energy impinging on the backside was 2.3% of the
amount of energy radiated by the frontside. The assumption was made that the
energy radiating from the front side fell uniformly over the backside. This

causes a temperature gradient as shown in Figure 4.1.4.1.3a-1.

h.1.4.1.3b GRID ANTENNAS

The grid or mesh type structures present a completely different
thermal profile because of the solar energy that passes through the frontside
and impinges directly on the backside. This causes a temperature distribution
that has a warm section on the center of the backside as well as the center of

the frontside.

From Figure 4.1.4.1.3b-1 it is seen that the thermal energy
impinging on the backside is a function of wire size to grid hole size. For
a wire diameter to hole width ratio of 9:1 the solar energy striking the

backside will be in ratio to the radiation striking the frontside as

E
Pack . (.81) sin g sin ¢ (6)

front

Taking (4) into account yields
E -q H [(.90) sin g ] e (7)
back .
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The backside will also be subjected to radiation energy due to frontside radia-

tion, this will be

rad

B, = (1)(.023) a & ) (8)

where k is a constant depending on the amount of void space that is preserit in

the frontside surface. For this case taken above k = .19 (81% void area versus

19% wire area).

The radiated energy will be

Iy
Er =ego T

Hence, at equilibrium the temperature will be

N
T = ﬂw/? (.81 sin‘g sin2¢ + .0043) (9)

The above equation specifies the temperature for the backside
surface when the antenna is constructed of a grid or mesh material. This tem-

perature distribution is shown in Figure 4.1.4.1.3b-2.

Other methods to limit deflections due to solar radiation were
sought in addition to those already presented. The most hopeful solution found
was selection of materials with a lower coefficient of thermal expansion. There
is a class of such materials called "Low Expansion Alloys" whose properties are

presented in the American Society of Metals Metals Handbook. Of these, the

material Invar seemed the most promising with the following properties:

Composition: iron-nickel alloy of 36% Ni with minor amounts of
Mn, Si, and C;

Coef. of Thermal Expansion: 0.5 to 10'6/°F (0.9 x 10'6/00) -
Increases if temperature reaches 200°C.

Elastic Modulus: 21.k4 x 106 lbs/in.2 (1.5 x lOlo __Kes )
sq. meter

Density: .29 1bs/in-3 (.805 x 